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The current knowledge on the molecular mechanisms leading to the development 
of the two different kinds of fish gonad is limited. Our aim was to gain insight into the 
molecular events underlying this process in zebrafish.  
First, we developed a set of genomic tools to study the transcriptome of the 
zebrafish ovary and testis, as well as changes in the gene expression profiles during 
gonad differentiation. Nearly 30,000 ESTs have been isolated and analyzed from the 
zebrafish gonad, including 11,000 ESTs from the developing gonads, which were 
isolated by me. A macroarray containing over 2,700 unique cDNA clones has also 
been developed. 
In order to identify genes with specific expression in the adult gonads we applied 
the combination of experimental and computational genomic tools. This effort led to 
the identification of 72 testis- and 97 ovary-specific genes. Sixty percent of these 
showed homology to known gonad-specific genes (zona pellucida genes, tektin, etc.) 
validating our approach, while the rest encoded novel/predicted proteins. Notably, 
only a few of these genes were expressed in the developing gonad. 
Hybridization onto the above-mentioned macroarray with probes from the 
developing gonad revealed dynamic changes in the expression profile during gonad 
differentiation. Differences between the two sexes started to appear from 4 weeks post 
fertilization and resulted mainly from the strong expression of some ovary-specific or 
maternal genes, as well as downregulation of some housekeeping genes in the ovary. 
We have identified a significantly lower number of genes with early expression in the 
testis. The majority of testis-specific transcripts were found in the adult male gonad.  
 In a cross-species hybridization experiment we used cDNA probes from 
common carp (Cyprinus carpio) to identify genes which are differentially expressed 
 
VII
during testis differentiation. By hybridizing probes isolated from the pre- and post 
differentiation carp testis to a zebrafish array we have identified 118 clones, which 
yielded significantly different signals with the two different sets of probes. Using 
PCR-based methods 16 of 85 genes were found to be preferentially expressed in the 
adult zebrafish gonads.  
In these three attempts we have identified a small set of genes, which 
differentially express at the time when the male and female gonads start to 
differentiate. Some of these genes might be involved in the differentiation process 
itself but they can definitely be used as a marker for gonad differentiation in future 
studies. 
We have also identified a novel transcription initiation factor, TATA-binding 
protein 2 (Tbp2). Evolutionary conserved Tbp2 homologues were found to be present 
in all vertebrate species studied. The core domain of Tbp2 is highly similar to that of 
Tbp suggesting structural and functional similarity; on the other hand the N-terminal 
domain is unique to the Tbp2 protein. tbp2 is present during embryonic development 
and shows contrasting expression patterns in the adult gonads in comparison to Tbp. 
Tbp2 has an essential function during embryonic development, but it might also have 
a function in the ovary, as it is localized to the nucleus of the young oocytes and 
forms “transcription-competent” complexes in the gonads. As the ratio of Tbp and 
Tbp2 proteins is vastly different in the male and female gonads, they might contribute 
to the differences observed in the expression profile of these organs. To test this 
hypothesis we have generated transgenic zebrafish lines over-expressing Tbp or Tbp2 
in a heat-inducible manner. Ectopic expression of Tbp2 could help us to understand 
its function and identify a set of genes specifically regulated by this factor. 
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CHAPTER 1: INTRODUCTION 
 
1.1. Sex determination and gonad development 
Sexually reproducing organisms have an evolutionary an advantage over the 
asexual ones [1], therefore in most multicellular species the differentiation of two 
genders and the development of two different gonads producing compatible gametes 
is essential for reproduction. Sexual development can be formally divided into two 
steps: sex determination and sex differentiation [2]. Since the structure and function 
of the mature gonads are very similar in a wide range of species, the regulation of sex 
differentiation - the process leading to the formation of these highly specialized 
organs - involves several conserved molecular pathways [3]. On the other hand the 
mechanism of sex determination – the commitment of undifferentiated gonad to a 
testis or an ovary - is highly variable on the evolutionary scale.  
Sex determination systems can be divided into two broad categories: in the case 
of a genetic sex determination (GSD) the sex-determining factor is encoded in the 
genetic material inherited from the parents, while if the initiating signal is supplied by 
the environment it is called environmental sex determination (ESD). Sarre et al. [4] 
argue that GSD and ESD are not fundamentally different (see also [5]), rather they 
represent similar mechanisms with relatively small differences at the molecular level. 
Following the same logic it seems possible that such small changes occurred 





1.1.1. Sex-determination in invertebrates 
Invertebrates, especially nematodes and dipterans, provide excellent examples for 
the diversification of sex-determination mechanisms (for reviews see [6-8]). The 
mechanism of sex-determination is best understood in D. melanogaster and C. 
elegans, but apparently both model organisms have a rather special mode of sex 
determination, which is based on the ratio of X chromosomes to sets of autosomes. 
Individuals with an X:A ratio of 0.5 develop as a male, while individuals with two X 
chromosomes develop as females (D.m.) or hermaphrodites (C.e.) (for reviews see [8, 
9]). In both model organisms the X:A signal is constituted by the antagonistic action 
of genes located on the X chromosome and autosomes, which - through the regulation 
of a sex determining factor - switch the whole sex determining cascade to an ON/OFF 
stage during early development. Beside the sex chromosomal system a DM-domain 
containing transcription factor (MAB-3 in C. elegans, DXS in D. melanogaster [10]) 
is also is common element of these sex determination systems. This factor is located 
at the “bottom” of both sex determination cascades and largely regulates the 
masculinisation of the soma in both species. On the other hand, sets of genes involved 
with chromosome counting and elements of the signaling pathways are completely 
different in the two systems. In D. melanogaster the expression of the major sex 
determination factor (sxl) in the females initiates a series of alternative splicing events 
leading to the female-specific splicing of the dsx pre-mRNA. In the males the lack of 
SXL and TRA proteins results in the default male-specific DSX protein, which 
controls the expression of target genes important for male differentiation (for review 
see [11]). In contrast, the sex determination cascade of C. elegans is based on a series 
of inhibitory interactions involving inter- and intra-cellular signaling as well as 
transcriptional regulation (xol1>sdc-1/2/3>her-1>tra-2>fem-1/2/3>tra-1, [6, 12]). 
 
3
1.1.2. Sex determination and gonad development in mammals 
Among vertebrates the sex determination system has been elucidated in greatest 
detail in mammals (for reviews see [3, 13, 14]; Fig. 1).  
In most mammals, the information for the commitment of sexual development to 
maleness resides on the Y chromosome [15]. Sry (Sex determining Region, Y) is a Y-
linked gene that is necessary and sufficient to trigger the testis-determining cascade 
[16, 17]. As SRY carries an HMG-type DNA binding domain and has DNA bending 
activity, it is considered to be a protein involved in transcriptional regulation [18, 19]. 
However recent discoveries implicate its function in RNA splicing as well [20, 21]. 
Since consensus binding sites for SRY occur frequently in the genome, moreover it 
has rather high binding affinity to nonspecific DNA sequences, it is difficult to 
identify direct targets for this protein [22]. One of the most likely target and/or 
interactor of SRY is its autosomal paralog, SOX9 (Sry-related HMG box gene 9), a 
protein with an essential role in Sertoli cell proliferation and differentiation [23]. 
Importantly, SOX9 can fully substitute SRY at the functional level [20, 24-26]. Under 
normal circumstances  SOX9 - together with other transcription factors, such as 
Steroidogenic factor 1 (SF1) and Wilms-tumor suppressor 1 (WT1) - leads to the 
secretion of Anti Mullerian Hormone (AMH or MIS; [27, 28]). As a consequence of 
AMH the development of female reproductive organs from the Mullerian duct are 
inhibited [27].  
Although in general sex determination in mammals is equated with testis 
formation and ovarian development is considered as a default [29], there is an 
increasing amount of evidence for the existence of an “active” female pathway as 
well. The best-studied “anti-testis” gene is Dax1 (dosage sensitive sex-reversal, or 

























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































of the orphan nuclear receptor family, which antagonizes the action of Sf1 and 
possibly other genes on a dosage-dependent manner [30], but is not essential for 
ovarian development [31]. Wnt4 (wingless-related 4), another “female gene” might 
act upstream of Dax1 [32], however it is also essential for the expression of other 
genes important for ovarian development, like follistatin and bone morphogenic 
protein 2 [33, 34].  
To further complicate matters many genes, like Sf1, Dax1 and different isoforms 
of Wt1 have multiple functions during sex determination and early gonad 
development [35-37] (Fig. 1). 
Once the delicate balance of “pro- and anti-testis” genes is tipped towards male 
development, several morphological changes contribute to the formation of the testis, 
including: i) migration of mesonephric cells into the gonad; ii) formation of testis-
specific vasculature; iii) Leydig cell differentiation (reviewed by [13]). Changes in the 
female gonad are much less robust. Major events, like oocyte differentiation (i.e. 
entering meiosis), folliculogenesis or the formation of the oviduct from the Mullerian 
duct occur only around or after birth [38]. 
Sry appears to be a purely mammalian “invention”. In other vertebrate classes the 
sex of an individual is defined by different mechanisms. As a general principle, in 
most vertebrate species other than mammals gonadal development is more susceptible 
to hormonal and environmental stimuli. Therefore, it is widely believed that Sry has 





1.1.3. Sex determination and gonad development in birds 
In birds, females are heterogametic (ZW), while the male is the homogametic sex 
(ZZ). It has been shown that the sex chromosome of birds has evolved from a 
different pair of autosomes than the X and Y chromosomes of mammals (reviewed by 
[40]). Yet, the complex sex chromosome of the platypus indicates a potential 
evolutionary link between the avian and mammalian sex chromosome systems [41]. 
The sex of birds is either determined by the dosage of a gene(s) on the Z 
chromosome, or the existence of a female-determining gene(s) on the W 
chromosome. Alternatively the two mechanisms act in parallel (for reviews see [42, 
43]). Although studies on individuals with sex chromosome aneuploidy could help to 
answer this question, definitive evidence for such chromosome aberration is still 
lacking in birds, most likely because it leads to embryonic lethality [44]. Studies on 
triploid birds suggest that the feminizing effect of a W-linked gene(s) is antagonized 
by dosage of gene(s) located on the Z chromosome, leading to the development of a 
juvenile left ovotestis and an abnormal right  testis in ZZW fowl [45].  
At the molecular level candidates for both male- and female-determining genes 
have been identified. DMRT1 (doublesex and mab-3 related transcription factor 1), a 
conserved gene involved in sexual differentiation, is Z-linked in birds and has a 
higher expression in the gonad of the male chicken during and after differentiation 
[46]. Therefore DMRT1 fits the Z-dosage model of avian sex determination. On the 
other hand two W-linked genes are implicated to serve as female determinants. 
WPKCI encodes for an inactive protein kinase C inhibitor, and it is present in about 
40 copies on the W chromosome, but has a single but active homolog termed ZPKCI 
on the Z chromosome [47, 48]. As PKCIs are known to act as a dimer, it is believed 
that WPKCI represses the potential masculanizing effect of ZPKCI on a dominant 
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negative fashion. FET1 (female expressed transcript 1), a W-linked gene with 
unknown function and without a homolog on the Z chromosome, is exclusively 
expressed in the urogenital system with higher expression in the left gonad, which in 
birds gives rise to the ovary [49]. These genes are thought to be directly or indirectly 
regulating the activity of key enzymes in the steroidogenic pathway (e.g. aromatase, 
17betaHSD), but definite evidence to support this hypothesis has not been published 
yet (for review see [43]). 
 
1.1.4. Sex determination and gonad development in lower vertebrates 
While in the case of mammals and birds the sex determination system is uniform 
within the class (with a few exceptions), an impressive array of sex determination 
modes can be found in reptiles, amphibians and fishes (for reviews see, [50-52]). In 
these classes there are species with male heterogamety (XX/XY), female 
heterogamety (ZW/ZZ), multigenic and environmental sex determination. 
In reptiles the most common sex determination mechanism is the temperature-
dependent sex determination (TSD, for reviews see [4, 53, 54]). In several species the 
differentiation of males and females depends on the incubation temperature of the egg 
during the “temperature sensitive” period of gonad development. The temperature 
range and pattern, which defines males or females varies considerably between 
species (for review see [50]). In most turtle species low temperature produces males, 
high temperature defines females (e.g. Emys orbicularis, [55]), while the opposite is 
true for lizards (e.g. Agama agama, [56]). Interestingly, there are species (mainly 
among turtles and alligators) with “female-male-female type” TSD, when males are 
produced within a certain temperature range, while incubation at temperatures outside 
of this range result in females (e.g. Alligator mississippiensis; [57]). It is generally 
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believed that temperature either influences the genetic mechanism that governs 
steroidogenic enzymes or directly modifies the activity of these enzymes (mainly 
aromatase, reviewed by [53]).  
 
1.1.4.1. Sex determination and differentiation in fishes 
The class of fishes, with more than 20,000 species [58], exhibits the largest 
variety of reproductive strategies among vertebrates. This variability is not only 
reflected in the vast array of sex determination mechanisms, but also in the wide 
range of gonad differentiation types (for reviews see [51, 59, 60]). Individuals in the 
majority of fish species develop as separate sexes, and maintain the same sex 
throughout their life (termed primary gonochorism). An alternative type of gonadal 
development is observed in secondary gonochoristic species (also called 
undifferentiated gonochorists, or juvenile hermaphrodites), where the individual first 
develops a not fully differentiated or an intersex gonad prior to differentiation into 
either testis or ovary. The gonad of true hermaphrodites contains both mature male 
and female gametes at some point of their life. If the two types of gamete are 
produced at the same time the species is classified as synchronous or simultaneous 
hermaphrodite, while if the individual first produces one kind of gamete then later 
change sex, it is termed sequential hermaphrodite. Based on the direction of the sex 
reversal the latter group can be further divided to protogynous (female to male) and 
protoandrous (male to female) species. 
Fishes exhibit the complete palette of GSD mechanisms (reviewed by [51, 61]). 
Multigenic or polygenic sex determination, in which the sex of the offspring depends 
on the cumulative action of several “sex determining” genes, is one of the most 
ancient mechanisms [62]. As multigenic sex determination generally results in 
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deviation from the “preferred” 50:50 sex ratio in the population, such a system persist 
only until one of these genes gains dominance over the others and temporarily or 
permanently restricts sex determination to a single chromosome. Such primitive sex 
chromosomes are very labile and can easily be lost from a population. Therefore the 
accumulation of mutations on the sex-limited chromosome over time leads to 
suppression of recombination and ensures the fixation of this sex chromosome in the 
entire population. 
Exclusively environmental sex determination is less common in fishes than in 
reptiles, but a wide variety of environmental factors (temperature, pH, population 
density or social factors) have been shown to have influence on the sex determination 
in a small group of fishes (reviewed by [51, 63-66]). Similarly there is only a few 
species where temperature is the main sex determining factor (e.g. Menidia menidia, 
and some flatfish), but unusually high/low temperature modifies the sex ratio of their 
offspring population in several species (e.g. tilapias; for reviews see [63, 65]). 
Given the wide variety of sex determination systems in fishes an ordered array of 
methods has been developed to broadly define the sex determination mechanism in a 
particular species (for reviews see [51, 67]). The presence of a heteromorph 
chromosome pair in the karyotype of a species is a good indication for the existence 
of a well differentiated sex chromosomal system, but such chromosomes can only be 
found in 10% of the fish species studied [68]. Sex linkage (Y or W-linked) of a 
phenotypic trait (e.g. pigmentation), isoenzyme allele, or DNA marker (AFLP, 
RAPD, microsatellite, etc.) can also be a sign of a XX/XY or a ZW/ZZ sex 
chromosomal system. In the absence of such a marker the type of the sex 
chromosome system can be assessed by producing individuals with uniparental 
inheritance (gynogenesis, androgenesis) or by crossing hormonally sex-reversed and 
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wild type individuals having the same genetic sex. (For example: 100% female 
offspring derived from the cross of WT females and sex-reversed female (neomale), 
as well as from gynogenesis on the same species can be indicative of a XX/XY sex 
determination system.) If the sex determination system of a species cannot be 
determined by methods listed above and/or the sex ratio from regular crosses often 
deviate from 50:50 one can suspect the existence of multigenic or environmentally 
influenced sex determination. The extent of environmental influence on the sex 
determination system can be directly tested by raising groups of siblings under 
different conditions.  
Sex-linked DNA markers have been isolated from several fish species (e.g. 
Clarias gariepinus, [69]; Puntius conchonius, [70]). Moreover in some of the cases 
the sex determining region has been well mapped (e.g. Xiphophorus maculatus, [71]; 
salmonids, [72]; Gasterosteus aculeatus, [73]; Poecilia reticulata, [74]), but the sex 
determining gene has only been identified in medaka (Oryzias latipes, [75, 76]). In 
this species the Y-linked paralog of autosomal dmrt1, named dmy or dmrt1bY, seem 
to act as a master regulator for sex determination. Interestingly field surveys of wild 
type medakas supported the importance of dmy as a master sex determining gene, but 
also revealed the existence of about 10% XX males (dmy -) in certain strains, which 
indicates that dmy is not absolutely necessary for male development [77, 78]. dmy is 
not a universal sex determining gene in fish as it has only been found in two closely 
related medaka species [79, 80].  
As a conclusion, substantially more information needs to be collected from 
several species before we can have a glimpse of the complex array of sex 




1.1.4.2. Sex determination in zebrafish 
Little is known about the mechanism of sex determination in zebrafish. The 
karyotype of zebrafish, which is composed of 25 chromosome pairs, has been studied 
by eleven different groups (reviewed by [81]). An unmatched or heteromorph 
chromosome pair, which could be considered as a sex chromosome, was only 
described (but not further analyzed) by two of these [82, 83], all other publications 
reported the absence of morphologically differentiated sex chromosomes (e.g. [84-
87]).  
The integrated genetic map of zebrafish based on two radiation hybrid panels [88, 
89] and four meiotic panels [90-93] includes over 30,000 different markers (Zebrafish 
Information Network, zfin.org, March 17, 2005). So far none of these markers was 
reported to be sex-linked. Moreover systematic RAPD (random amplified 
polymorphic DNA) and AFLP (amplified fragment length polymorphism) screens 
failed to identify a sex-specific marker in the genome of zebrafish (Orban et al.; 
unpublished). 
The results obtained from andro- or gynogenetic experiments are rather 
confusing. All zebrafish androgenotes generated and raised to maturity by Corley-
Smith and colleagues [94] developed into males indicating a ZW/ZZ sex 
chromosomal system. Surprisingly, zebrafish individuals generated by gynogenesis 
are also predominantly males ([95-97]), which can only be explained by a simple sex 
chromosomal system if the viability of WW gynogenotes is compromised. 
Importantly, some batches of gynogenotes have more females than males [96, 97], 
and populations generated by repeated gynogenesis in successive generations tend to 
have a higher proportion of females [96]. Moreover, when gynogenetic males were 
crossed with wild type females, the ratio of females in the offspring populations 
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varied between 57.5-100% [98]. Similarly the offsprings of androgenotes and wild 
type females contained both males and females, but the sex ratio was sometimes 
highly distorted [94]. These observations together exclude the possibility of a XX/XY 
sex chromosome system in zebrafish, but at the same time also make the existence of 
a simple ZW/ZZ system unlikely. 
All these data, together with our observation that the sex ratio of zebrafish 
populations often deviates from the 50:50 ratio and varies from generation to 
generation indicate that in zebrafish there is not a single master regulator gene at the 
top of the sex determination pathway, rather the combined effect of several genes 
(pathways) determines the sex of an individual (polygenic sex determination). Based 
on the presently available information the modifying effect of environmental 
(temperature, pH) and social factors (population structure and density) cannot be ruled 
out. 
 
1.1.4.3. Gonad development and sex differentiation in zebrafish 
During the first 24 hours of the zebrafish development the primordial germ cells 
(PGC) migrate from the position where they were specified (four clusters determined 
by the early cleavage planes) towards the gonadal anlage positioned at the anterior 
end of the yolk extension [99, 100]. At this position the PGCs, together with cells 
originating from the coelomic epithelium and the underlying mesenchyme, establish 
the gonad pimordium.  
Takahashi [101] was the first to report that zebrafish is a juvenile hermaphrodite 
(secondary gonochoristic). His histological analysis on the gonad at different stages of 
development indicated that all individuals regardless of their final sex, first developed 
an ovary-like gonad and differentiation took place later [101]. According to his 
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observations the sexual development of zebrafish can be summarized as follows (see 
also Fig. 2): germ cells enter meiosis at around 2 weeks post fertilization (wpf, onset 
of oogenesis). At this stage somatic cells are predominantly located at the periphery of 
the gonad. At 3 wpf the majority of individuals have an ovary-like gonad 
characterized by different numbers of perinuclear oocytes. Flattened somatic cells 
around the oocytes are an indicator of the onset of folliculogenesis. The first 
morphological differences between the two gonad types appears between 24-30 days 
post fertilization (dpf). During this period the gonad of the female continues to 
develop as an ovary with an increasing number of perinuclear oocytes and the shape 
of the gonad becomes more and more flattened. At the same time the gonad of the 
“future” males remains similar in size and shape. The beginning of the transformation 
is indicated by the appearance of degenerating oocytes. The transforming gonad is 
dominated by connective tissue, but as the transformation progresses, small groups of 
germ cells - reminiscent of spermatogonial cysts - appear (sometimes next to normal 
or degenerating oocytes). Male germ cells enter meiosis at 34-38 dpf (obvious marker 
for the testicular development). Although zebrafish is able to produce mature 
spermatozoa and vitellogenic oocytes by 45 dpf, it is considered to be fully mature 
only at 2-2.5 months of age. 
Takahashi’s early observation was later confirmed by several other groups [98, 
102-104], but notably the timeline of gonad differentiation and the extent of gonad 
transformation varied largely in their descriptions. It has been shown that under 
similar growth conditions there are no major differences between individuals from 
two different strains [105], so the observed variation is more likely to be the result of 
different environmental conditions during development. Moreover, there is high  
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developmental events does not seem to correlate with the body length of the fish [101, 
103, 105].  
Transgenic zebrafish lines expressing a reporter gene in a female-specific 
(female-enhanced) manner have been generated recently. In zebrafish lines, which 
express enhanced green fluorescent protein (EGFP) under the control of a β-actin 
promoter the fluorescence is remarkably stronger in the oocytes than in other cells 
[106]. This phenomenon is most likely the consequence of the inverted terminal 
repeat sequences (ITR) built into this construct. Similarly, the long terminal repeat 
(LTR) enhancer of the ERV-9 human retrovirus promoted expression of a transgene 
in zebrafish oocytes, but not in spermatocytes [107]. The EGFP gene flanked by the 
regulatory regions of the zebrafish vasa gene is expressed both in the male and female 
germ cells but the expression is significantly stronger in the ovary than in the testis 
[104, 108]. Finally, a transgene driven by the promoter of an ovary-specific gene, zpc 
(zona pellucida C) is solely expressed in the oocytes [109]. In all of these lines the 
enhanced EGFP expression correlates with the presence of oocytes in the gonad 
allowing for in vivo visualization of ovarian development and reliable sexing of 
individuals after the age of 35 dpf. In line with previous morphological observations 
the majority of the transgenic individuals start to express EGFP at 18-26 dpf and some 
of them (the future males) show gradually decreasing EGFP levels between 26-34 dpf 
(studied in detail by [103]). On the other hand some of the male individuals never 
express EGFP [103] hinting at the possibility that there are two different ways for 
testis development in zebrafish (Fig. 2). 
A recent paper published by Slanchev et al. [110] describes the development of 
zebrafish depleted of primordial germ cells. The authors observed that an organ 
positioned similarly to the undifferentiated gonad started to form but was not 
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maintained in the absence of PGCs. To this end, individuals lacking the germ line 
were completely sterile at adulthood, but they all exhibited male characteristics. 
Importantly these “secondary sexual characteristics” can be changed by treating the 
germ cell depleted fish with estradiol [110]. 
It is known that in teleosts the sex differentiation (and possibly the sex 
determination as well) is largely regulated by the endocrine system [64, 65]. The 
importance of steroid hormones in these processes can be assessed by treating the fish 
with steroid hormones, steroid receptor (ant)agonists or steroid synthesis inhibitors. 
(As the effects of these compounds on the complex endocrine system are not fully 
understood and the concentration applied is often much higher than the physiological 
steroid level these results need to be evaluated with great caution). 
17α-ethinil-estradiol (EE2) is a potent feminizing agent in zebrafish at the 
concentration of 10-15 ng/l [111-113]. Andersen and colleagues [111] observed that 
the sex ratio of a population treated with EE2 before 30 dpf did not show significant 
deviation from that of the control, but treatment between 20-60 dpf led to a complete 
feminization of the individuals. Importantly, the termination of the treatment at 40 dpf 
(20-40 dpf) resulted in a high proportion of intersex individuals having ovotestis 
[111]. Interestingly the natural steroid estrogen, 17β-estradiol (E2) was found to be 
about 16-times less potent to induce vitellogenin expression than the synthetic EE2 
[114]. As a consequence 100 ng/l E2 needed to be applied in the period of 21-42 dpf 
to achieve temporal feminization similar to that of EE2 in zebrafish [115]. At the 
same time dietary administration of a cytochrome P450 aromatase inhibitor 
(fadrozole) at the time of gonad differentiation (100 µg/g at 15-40 dpf, [116]; or 
500µg/g at 35-71 dpf, [117]) resulted in gonadal masculinisation of zebrafish females. 
These data indicate that estrogens are necessary and sufficient for the induction of the 
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female gonad differentiation in zebrafish, but do not prove that they are the primary 
switch leading to the differentiation of male and female development.  
Much less is known about the action of male steroids on the sex of zebrafish. 
Streisinger et al. [97] showed that exposure of zebrafish embryos to 50 ng/l 17α-
methyltestosterone (MT) during the first two weeks of development is sufficient to 
induce male development in female gynogenotes. While treating zebrafish larvae with 
the same compound (10 mg/l MT) from 35 to 71 dpf surprisingly resulted in an all 
female population [117]. The only reasonable explanation for the latter observation is 
that MT was converted into female steroids (aromatized) in these fish [117]. 
The majority of the sex-related genes, which have been characterized in 
zebrafish, are involved in the synthesis or sensing of steroids. Cytochrome P450 
aromatase (Cyp19), the enzyme in the steroidogenic pathway that converts androgens 
into estrogens is encoded by two different genes in zebrafish [118, 119] producing 
two equally efficient enzymes [120]. Both genes are expressed in the gonad as well as 
in the central nervous system, but cyp19a is much more abundant in the ovary 
(expressed in the follicular cells surrounding the oocytes), while cyp19b is mainly 
expressed in the brain (hypothalamus and ventral telencephalon and olfactory bulb of 
both sexes; [118, 120]). The description of the expression pattern for cyp19 genes 
during development is heterogenic in different publications, but the fact that the 
expression of cyp19b, but not cyp19a is regulated by the estrogen level is well 
established [119-121]. 
The 17β-hydroxysteroid dehydrogenase enzyme (Hsd17β1.2) that catalyzes the 
conversion of estrone (E1) to estradiol (E2), has recently been identified in zebrafish. 
It is only expressed in adult females predominantly in the ovary and the heart [122]. 
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In zebrafish estrogen acts through three different estrogen receptors (α, β1, β2). 
The three receptors have very similar binding characteristics and transcriptional 
activity as well as a similar expression pattern in a wide variety of adult tissues [123, 
124]. 
Enzymes specific for the male steroidogenic pathway and the androgen receptor 
have not been characterized in zebrafish so far.  
Only a few regulator genes important for gonad development of other vertebrates 
have been studied in zebrafish. sox9 has two orthologs in zebrafish, encoded by 
duplicated genes [125]. sox9a is present in many adult tissues including testis (Sertoli 
cells), but not in ovary, while the expression of sox9b is restricted to the stage I 
oocytes [125]. Both genes are expressed during early development and have been 
shown to be essential for cartilage formation [126] hindering the study of their 
function during gonad differentiation. Four members of the Ftz-F1 orphan receptor 
family have been identified in zebrafish so far: ff1a [127]; ff1b [128]; ff1c[129]; ff1d 
[129, 130]. As only ff1d shows differential expression in the gonad with higher 
expression in the testis and is coexpressed with Amh, it is the most likely candidate to 
play a similar role to mammalian sf1 in the gonad [130]. The expression pattern of 
zebrafish dmrt1 has been published very recently. It expresses in both adult gonad 
types, but the expression is considerably higher in the testis than in the ovary [131]. 
 
1.2. Eukaryotic gene transcription 
The expression of the information encoded in the genome of an organism is 
tightly regulated to ensure proper development and functioning of the individual as 
well as its rapid adaptation to the changing environment. The first out of multiple 
steps leading to the controlled expression of functional proteins is the transcription of 
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DNA to pre-mRNA, which in eukaryotes is mediated by RNA polymerases II (Pol II). 
Pol II together with several general transcription factors (GTF) form the preinitiation 
complex (PIC) near to the transcription initiation site (core promoter) to allow 
subsequent transcription. (The best-characterized Pol II PIC is composed of multi-
protein complexes called: TFIIA, -B, -D, -E, -F, -H and Pol II. see Fig. 3, and [132, 
133]). The assembly of the PIC is hindered by the packaging of promoter DNA to 
nucleosomes and higher order chromatin structures, which are subject to changes 
upon gene activation (Fig. 3, for reviews see [134, 135]). The activity of the PIC is 
mainly regulated by sequence-specific transcriptional regulators. These activators and 
repressors bind to upstream promoter elements or to distantly located 
enhancers/silencers and either interact directly with the PIC or act through cofactor 
and/or mediator complexes (Fig. 3, for reviews see [132, 136, 137]). After 
transcription initiation and promoter clearance, the phosphorylated Pol II in 
association with TFIIF transcribes the downstream DNA sequence while the 
remaining GTFs are utilized for transcription reinitiation [138, 139]. 
 
1.2.1. Transcription initiation complexes 
Until recently, the general transcription machinery (e.g. PIC) was believed to be 
largely invariant, and cell type- or developmental stage-specific transcription was 
thought to be achieved solely by transcriptional regulators or co-activators specific to 
particular cells or stages. The fact that several components of PIC (TFIIB, -E, -F, -H 
and Pol II, but not TFIIA and –D) are encoded by single-copy genes [140] is in 
support of this hypothesis. Nonetheless today it is apparent, that the modification or 
replacement of certain components of the general transcription apparatus (e.g. TFIIA 
or –D) leads to the formation of alternative PICs. These gene-selective initiation 
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Figure 3:  Current understanding of transcription initiation from a TATA-
box containing promoter
Abbreviations: BRE: TFIIB recognition element; DRE: downstream core 
promoter element, Inr: initiator; Pol II: RNA polymerase II; TATA: TATA-box; 
TFII: Pol II transcription factor. (Adapted from [132, 136, 145])





























complexes and the corresponding core promoters most likely co-evolved to support 
the need for more complex transcriptional regulation in multi-cellular organisms (for 
reviews see [141-146]). 
 
1.2.1.1. TATA-binding protein and related factors 
TATA-binding protein (Tbp) or its paralogs are among the most central elements 
of the PIC (for reviews see [142-144, 146, 147]). Tbp is a highly conserved protein 
from archaebacteria to human. Its core domain forms a molecular saddle, which binds 
to the minor groove of the TATA-box, and interacts with several other proteins [141, 
147, 148]. Together with 14 Tbp-associated factors (Taf) Tbp forms the TFIID 
complex, which has a pivotal, but not universal role in core promoter recognition and 
the assembly of PIC. Moreover TFIID also serves as an endpoint for several 
regulatory pathways [147]. The binding of TFIID to the TATA-box is stabilized by 
TFIIA and –B [149, 150]. It is worth to mention that only about 30-40% of the core 
promoters have a clearly recognizable TATA-box [151-153]. 
Tbp is also associated with several multi-protein complexes other than TFIID (for 
reviews see [132, 141, 142, 147]). The relatively small SL1 and TFIIIB complexes are 
specifically needed for Pol I and Pol III mediated transcription of rRNA and 
tRNA/snRNA, respectively [154, 155]. Other subsets of genes also seem to be 
regulated (positively or negatively) by alternative Tbp-containing complexes (e.g. 
PNAC (+), [156]; Mot1 (-), [157]; NC2 (+/-), [158]; TAC (+), [159]). Interestingly 
there are also Taf-containing complexes involved in transcription, which apparently 
lack Tbp, but they are able to interact with it (e.g. yeast SAGA complex, [160]). 
The first factor functionally and structurally similar to Tbp was identified in D. 
melanogaster and named TBP related factor (TRF1, [161]). TRF1 can interact with 
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TFIIA/-B and bind TATA-box in vitro, however in vivo it shows preferential binding 
to TC-rich elements in the promoter of a limited set of genes ([162, 163]). For 
example, TRF1 is able to drive transcription from the upstream promoter of the tudor 
gene, while the downstream promoter is utilized by TBP [163]. Surprisingly, 
chromatin immunoprecipitation (ChIP) and biochemical complementation studies 
revealed the predominant role of TRF1 in Pol III mediated transcription [162, 164]. In 
the Drosophila embryo TRF1 expresses ubiquitously and then it gradually becomes 
restricted to the gonad and the nervous system [162]. TRF1 orthologs have only been 
identified in insects. 
The second member in the family of Tbp-related factors (Tbp-like factor, Tlf or 
also known as Trf2, Tlp or Trp) is present in all metazoan organisms [165-168]. The 
core domain of Tlf is only about 40-60% similar to that of Tbp, but conserved 
structural features in the two proteins indicate similar function and common origin 
[165]. Accordingly, Tlf interacts with TFIIA and –B, but does not bind well to the 
TATA-box either in vitro or in vivo [167, 169, 170]. In co-immunoprecipitation 
experiments Tlf was found to be in complex with replication-related elements binding 
factor (Dref) and components of the nucleosome remodeling factor complex (NURF, 
[171]). Subsequent experiments showed that the Tlf/Dref complex binds to DRE 
elements in the promoter of proliferating cell nuclear antigen (pcna). Similarly to the 
tandem promoter of tudor gene in Drosophila (see above), the pcna is also controlled 
by Tbp using a transcriptional initiation site different from the one utilized by Tlf 
[171]. In fish and frog some genes are exclusively Tbp-dependent, others are Tlf-
dependent, while for the proper expression of the rest of the genes both factors are 
required [172, 173]. Interestingly, Tlf also has some repressor function, as elimination 
of its expression in C. elegans results in ectopic expression of certain genes [174]. 
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1.2.1.2. Tissue or developmental stage-specific preinitiation complexes 
There are two major developmental events where the role of alternative GTFs are 
apparent: i) zygotic genome activation during early embryogenesis (for reviews see 
[144, 146]); ii) gametogenesis, mainly spermatogenesis (for reviews see [14, 143, 
175-177]). 
The transition from the very early stages of embryogenesis, controlled by 
maternally inherited gene products to those regulated by proteins expressed from the 
zygotic genome, is an inherent part of animal development. In frog and fish this 
process is called mid-blastula transition (MBT), which is preceded with 10-12 
synchronous cell divisions without G phase [178, 179]. The onset of zygotic 
transcription is believed to be regulated by the delicate balance between histones or 
other repressive factors and GTFs, mainly Tbp. In support of this hypothesis the small 
amount of Tbp deposited into the Xenopus egg is actively retained in the cytoplasm 
[180], and dramatic increase in Tbp protein level and its entry to the nucleus is 
coincided with the initiation of transcription [181]. Moreover, the pre-MBT repression 
of transcription can be relieved by “pre-conditioning” the DNA with Tbp [182]. But 
Tbp is not the only promoter recognition factor involved in zygotic gene activation, as 
Tlf was also found to be essential for the proper development of C. elegans, zebrafish 
and Xenopus [172-174]. Interestingly, TLF is dispensable for early development in 
mice, which allowed for the identification of its function during spermatogenesis 
[183, 184].  
Male gametogenesis is a complex process, which generates extremely 
differentiated cells and involves cell renewal, genome packaging and cell 
reorganization. Several components of the general transcriptional machinery are 
upregulated or specifically expressed in spermatids (e.g. Tbp, TFIIB, Pol II, [185]; 
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testis-specific Pol II elongation factor (Eel3, [186]; testis-specific Elongin 2A [187]) 
indicating more intense “general” transcription during spermatogenesis to help the 
accumulation of all the mRNA necessary for the late stages of spermatogenesis, when 
transcription is repressed. cAMP-responsive element modulator (Crem), a CRE 
element specific transcriptional activator, has been shown to be the master regulator 
of spermatocyte-specific gene expression (for reviews see [14, 188]), but several 
alternative GTFs also contribute to the regulation of this complex process. TLF has 
been reported to have a higher expression in the human testis than in other tissues 
[166], and its expression and subcellular localization is tightly regulated during 
spermatogenesis [189]. Tlf-null mice exhibit an altered expression pattern of genes 
important for spermatogenesis, which results in late arrest during spermiogenesis 
[183, 184].  
Testis- or gonad-specific paralogs of several TAFs exist in D. melanogaster 
(dTAF 4L, 5L, 6L, 8L, 12L, [190]) and mammals (TAF7L, [191]). In fruit fly it has 
also been observed that these genes are indeed essential for the proper expression of 
several spermatid differentiation genes, and meiotic cell-cycle progression as well as 
spermatid differentiation [190]. Another example of gametogenesis-specific GTFs is 
Alf, a germ cell-specific counterpart of the large (α/β) subunit of TFIIA [192]. The 
overexpression of TFIIA in X. laevis oocytes results in transcriptional repression, 
indicating that the replacement of somatic TFIIA by Alf/TFIIAγ complex is essential 
for proper transcription during oogenesis and possibly during spermatogenesis as well 
[193].  
A classical example of oocyte-specific gene regulation is the high level 
expression of an 5S rRNA gene in the oocytes (for review see [194]) which, besides 
other factors, appears to be regulated through the oocyte-specific phosphorylation of 
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the general transcription factor, TFIIIA [195]. The function of an alternative Tbp-
associated factor, Taf4b has also been shown in folliculogenesis, as it is important for 
the granulose cell-specific gene regulation [196]. Finally, transcriptional regulation 
during oogenesis is also highly influenced by sequence-specific transcription factors 
like NoBox [197, 198] and Fig1α [199]. 
 
1.3. Tools to study tissue-specific gene expression 
1.3.1. Bioinformatic tools 
Expressed sequence tags (EST) provide the main source of information for the 
bioinformatic analysis of the transcripts present in a particular tissue- or cell-type 
(transcriptome, for review see [200]). ESTs are single-pass sequence reads (on 
average 400 bp in length) obtained from either end of cDNA clones. Generally a large 
collection of cDNA clones (library) is generated from total mRNA isolate to represent 
the majority of the transcripts expressed in the tissue of interest (for general overview 
see [201]). Directionally cloned full-length cDNA libraries are the most common 
source of sequencing [202]. Some of these libraries are normalized to bring the 
frequency of clones representing individual mRNAs into a narrow range and, as such 
give a better chance for rare transcripts to be sequenced [203, 204]. Some other 
libraries contain partial cDNA fragments in random orientation and represent only 
part of the transcriptome. For example, subtracted libraries are generated from a 
cDNA pool enriched for tissue-specific transcripts [205], or cDNA for ORESTES 
(open reading frame expressed sequence tag) mini-libraries are generated by random 
PCR primers to enrich for cDNA clones containing the central, protein coding portion 
of the transcripts [206]. 
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Although ESTs provide an excellent source of sequence data to facilitate gene 
discovery, mapping, polymorphism analysis, expression studies and gene prediction, 
the EST-derived sequence data should be used with caution [207, 208]. ESTs have a 
higher error rate (around 2-3%) than sequences verified by multiple sequence runs 
[209]. Moreover, ESTs often contain bacterial, mitochondrial or genomic DNA 
sequences, and/or originate from a contaminated mRNA source. Imperfection of the 
library construction procedure can also lead to the generation of truncated (either 5’ or 
3’ end), “inverted” or chimeric cDNA clones [210]. 
Regardless of all the effort aiming to normalize libraries, abundant and 
ubiquitously expressed transcripts are represented more frequently in EST databases 
than the rare ones or the ones with a confined expression pattern [211]. Therefore, 
sequences that are likely derived from the same genes are clustered together to 
simplify the abundance of EST sequences and reveal the exact number of transcripts 
represented in a cDNA collection. There are three major resources for confined sets of 
transcript clusters. UniGene developed by National Center for Biotechnology 
Information (NCBI) provides a species-specific collection of clustered coding 
sequences (mRNAs and ESTs, [212]). The TIGR gene indices represent another effort 
to cluster gene and EST sequences to characterize gene products [213]. The STACK 
resource uses a combination of clustering and assembly that results in a more 
condensed set of EST clusters than the two other methods [214]. Moreover, STACK 
also helps to visualize transcript variations and ESTs can be separated by tissue type 
before being clustered allowing subsequent sorting of the clusters. 
If substantially high numbers of EST are generated from representative libraries 
(e.g. unnormalized, unsubtracted) the relative frequency of ESTs representing a 
particular gene should correlate with the relative abundance of the corresponding 
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transcript within the cell [215]. Similarly genes preferentially expressed in a particular 
tissue can be identified on the basis of their significantly different representation in 
tissue-specific EST sets compared to the one originated from other organs. Methods 
used for EST-based comparative expression profiling are based either on clustering or 
on alignment tools (e.g. BLAST) and called virtual Northern blot, digital differential 
display or in silico subtraction [215, 216]. 
 
1.3.2. Experimental tools 
Serial analysis of gene expression (SAGE) is an experimental technique used to 
measure the expression level of genes expressed in a tissue on a global scale (for 
review see [217]). SAGE is based on the sequencing of thousands of concatenated 
short (9-18bp) sequence tags originated from one part of the transcript (usually 
3’end). As each of these tags usually contain sufficient information to uniquely 
identify a transcript, the frequency of the SAGE tag directly reflects the abundance of 
the corresponding transcript. 5’SAGE is a newly developed method, which not only 
supports the analysis of gene expression, but provides accurate information about the 
transcriptional start sites and, as such, facilitates genome-wide promoter analysis 
[218]. Unfortunately, SAGE is a rather complicated and expensive technique, which 
requires strong computational support. 
Differential Display (DD) was one of the purely experimental techniques that 
revolutionized the identification of differentially expressed genes in the early 1990s 
(for reviews see [219, 220]). In DD simplified pools of cDNA fragments are produced 
from two or more distinct mRNA samples by random PCR amplification. cDNA 
pools obtained from the different samples using the same primer are separated side by 
side on a polyacrylamide gel to identify fragments, which are present in some of the 
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samples, but missing from others. DD is not a high-throughput method and it is not 
particularly effective to identify subtle (2-3 fold) differences in the expression of a 
gene. 
Subtractive Hybridization (SH, [221]; for reviews see [205, 222]) is more of a 
large scale alternative of DD, which after a hybridization step allows for specific 
enrichment of (c)DNA fragments present in one sample (tester), but not in the other 
(driver). This enriched “tester-specific” pool of cDNA then can be further analyzed 
either by generating and sequencing a “subtracted mini-library” or by using it as a 
probe for array hybridization. SH is limited to the comparison of two samples and it is 
not the method of choice if only a few genes are expected to show slight differential 
expression between the samples. 
Arrays provide the most advanced technology for the simultaneous quantification 
of a large number of transcripts (for reviews see [223, 224]). In general, mRNA from 
different tissues, developmental stages, treated and control samples, etc. are used to 
generate labeled probes, which are hybridized to a large number of DNA sequences 
(target) immobilized on a solid surface in an ordered array. Importantly, array 
technology is limited to analyze the expression of those genes represented on the 
array. Based on the size of the platform used, arrays can be classified into two major 
categories: macro- (100-600 cm2) and microarrays (1.5-6 cm2). Depending on the 
target, arrays can be further categorized as cDNA array (PCR amplified cDNA inserts 
are spotted) or oligo arrays (Table 1). For oligo arrays, either pre-synthesized 
oligonucleotides are spotted onto a glass slide or the oligos are synthesized in situ by 
photolithography (Affymetrix) or by ink-jet technology (Agilent Technologies). The 
Affymetrix Chip, with virtually limitless capacity, provides a fundamentally different 
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platform for gene expression profiling, which even allows for representation of the 
total non-repetitive DNA sequence of the human genome on a handful of arrays [225].  
 
Table 1.: Features of major array types 
Parameters Macroarray Microarray Affymetrix Chip 
Platform nylon membrane coated glass slide silicon wafer 
Target cDNA insert cDNA insert or oligonucleotide 
in situ synthesized 
oligonucleotide 
Target length 200-3000 bp 20-3000 bp 25 bp 
Capacity up to couple of thousand spots 
15,000-40,000 
spots 
(up to 100,000) 
up to 1.4 million 
oligos 
Probe labeling isotopic or non-isotopic (e.g. DIG) fluorescent fluorescent 
# of probes/ hyb. 1 2 (few) 2 (few) 
Availability in house or commercial 





1.3.3. Identification of gonad-specific genes by genomic tools 
In the past five years a whole array of the above mentioned methods have been 
used to study the transcriptome of the mammalian gonad (for reviews see [226-228]). 
SAGE data is available for mouse testis [229] and male germ cells [230] as well as for 
human oocytes [231]. Today over 100,000 gonad-derived ESTs are deposited to 
public databases for both mouse and human allowing for the identification of 
differentially expressed genes by computational means (e.g. [198, 232]). Several 
novel testis- or ovary-specific genes have been identified by subtractive hybridization 
[33, 233] and by different hybridization-based techniques [234-236]. 
In comparison the first study aiming to isolate EST sequences from the adult 
zebrafish gonads in the hope of identifying so far uncharacterized genes was 




CHAPTER 2: MATERIALS and METHODS 
 
Common molecular biology techniques (cloning, ligation, etc.) were performed 
according to Sambrook and colleagues [238]. 
 
2.1. PCR amplification and sequencing of cDNA inserts 
One microliter of overnight (O/N) bacterial culture was used for colony PCR 
reactions. Reaction mixtures (25 µl) contained: 2.5 µl of 10x buffer (Promega), 2 mM 
MgCl2, 80 µM dNTP mixture, 80 nM of M13 (-20) and M13 reverse primers and 0.5 
U of Taq Polymerase (Promega). The thermal cycle profile consisted of an initial 
denaturation at 94°C for 2 min, followed by 40 cycles of 94°C for 20 sec, 55°C for 20 
sec and 72°C for 4 min, and a final extension step of 72°C for 5 min. One microliter 
PCR product was used for cycle sequencing using BigDye Terminator v3.0 kit 
(Applied Biosystems) and M13-reverse primer. (In the directionally cloned full-length 
libraries 5’ ends were sequenced; the orientation of sequence reads for subtracted 
clones was random.) The conditions for cycle sequencing were as follows: 50°C for 1 
min and 96°C for 5 min, followed by 30 cycles of amplification (96°C for 30 sec and 
60°C for 4 min). Reaction products were precipitated by ethanol, the resulting pellet 
dissolved in 20 µl distilled water and separated on an ABI 3700 capillary 
electrophoresis machine (Applied Biosystems). 
 
2.2. Sequence analysis and EST clustering 
Sequences generated in our lab were cleaned of vector arms and adaptors by 
using the Sequencher 4.05 software (Gene Codes Corp.) in manual/semi-automated 
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mode. Then this dataset was combined with sequences downloaded from public 
databases (NCBI refseq, dbEST) and the whole dataset was subjected to quality 
control consisting of masking with RepeatMasker (www.repeatmasker.org), trimming 
of vector arms and removal of short (<100bp) as well as low quality (>3% ambiguous 
base, N) sequences. EST clustering and assembly was carried out using the 
STACKPACKTM clustering toolkit. 
The combined gonad dataset was first clustered to check for the presence of 
chimeric sequences. The consensus sequence of the biggest clusters was searched 
against GenBank using BLASTn. The “artificial linker sequences” were removed 
from those clusters for which the consensus sequence clearly matched two different 
genes. This process was repeated a few times until no obvious chimeric sequences 
were found.  The resulting final dataset was re-clustered as described above and used 
to construct a partial transcriptome for the zebrafish gonads. 
 
2.3. Generation of “Gonad UniClone” macroarrays 
A “non-redundant” set of clones (“Gonad UniClone” set) has been generated by 
selecting full-length or normalized clones to represent 1,419 clusters and 1,342 
singletons. The bacterial clones were rearranged in thirty 96-well plates and grown 
overnight in 1 ml LB medium containing 100 µg/ml ampicillin. One hundred µl of 
O/N culture was mixed with equal volume of glycerol and stored at –80°C in 96-well 
tissue-culture plates. The insert from each clone was PCR amplified and sequenced 
from the 3’ direction (using an oligo T based anchor primer) to confirm the identity of 
the clones (the sequencing was performed by Elijah Low Jia Ming).  
Two macroarrays were produced by replicating the PCR amplified inserts of this 
Gonad UniClone set onto two Hybond-N nylon membranes (75mm x 115mm, 
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Amersham) in 4x4 arrangement (1,536 0.045 inc spots/array) using Biomek 2000 
Workstation (Beckman Coulter). Each membrane contained empty vectors, and 
clones carrying viral and plant-derived inserts (negative controls) as well as cDNA 
fragments from 12 zebrafish housekeeping genes (positive control) in three replicates. 
In the upper right corner (A1) of each and in all four corners of the first, fourth, 
thirteenth, and the control plates, the PCR product was replaced with 5 pg/µl DIG-
labeled control DNA (Roche) to enable the orientation of the image after detection. 
DNA was then denatured (10min, 1.5 M NaCl, 0.5 M NaOH), re-natured (10 
min, 1.5 M NaCl, 0.5 M Tris pH:8.0), and linked to the membrane with UV light (120 
mJ on both sides). 
 
2.4. Sample collection 
Zebrafish (Danio rerio) individuals from the AB strain and from a local strain, 
called Toh, were kept at the fish facility at ambient temperature and light cycle (12/12 
hours) in AHAB (Aquatic Habitats) recalculating systems. For the detailed analysis of 
some differentially expressed clones, samples were collected from heterozygous 
vas:EGFP larvae [108]. 
Sexually mature individuals of more than two month of age were anesthetized in 
0.04% 3-aminobenzoic acid ethyl-esthermethanesulfonate (Sigma) and dissected 
under stereomicroscope. Larvae at the age of 3, 4 and 5 wpf (corresponding to 5, 6 
and 7.5 mm in length) were anesthetized in the same way and were immobilized in 
1.5% low melting point agarose (BioRad) overlaid with 1x PBS. The gonads were 
isolated under a stereomicroscope using fine forceps (Dumont #55) and collected by 
sharpened borosilicate capillary (1 mm/0.58 mm, Sutter Instruments). Tissue samples 
were transferred into ice-cold Trizol reagent (Gibco-BRL) and stored at –80°C. 
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The all-male common carp (Cyprinus carpio) population was generated by 
crossing androgenetic YY “super-male” individuals with wild type XX females (by 
Hans Komen, Wageningen University, The Netherlands). Testis samples were 
collected at 70 and 100 days post-fertilization and shipped in RNAlatter (Ambion). 
  
2.5. RNA isolation and cDNA synthesis 
Total RNA was isolated from the dissected tissues by Trizol (Gibco BRL) 
reagent according to the manufacturer’s recommendation. Samples were treated with 
DNase (10 U in 100 µl volume, Roche) for 30 min at 37°C, and then total RNA was 
recovered by isopropyl-alcohol precipitation. The quantity and integrity of the RNA 
isolated from adult organs or whole larvae was assessed by spectrophotometer 
(Ultrospec 2100 pro, Amersham) and agarose gel electrophoresis, respectively. cDNA 
was synthesized from total RNA using SMART PCR cDNA synthesis kit (Clontech) 
according to the manufacturer’s protocols. The quality of synthesized cDNA was 
detected by agarose gel electrophoresis.  
 
2.6. Labeling of cDNA probes and membrane hybridization  
cDNA probes were generated from total RNA obtained from adult zebrafish 
organs (500 ng/reaction) or from the developing gonads at the age of 3, 4 and 5 wpf (3 
µl sample/reaction). After the synthesis of the first strand the optimal number of PCR 
cycles for cDNA amplification was defined in a “titration experiment”. cDNA probes 
were labeled by replacing half of the dNTP in the amplification step of the SMART 
cDNA synthesis with DIG labeling dNTP mix (Roche). Excess of DIG labeled dUTP 
was removed using GFX columns (Amersham). 
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Air-dried “Gonad Uniclone” macroarrays were pre-hybridized in 5 ml of 
EasyHyb solution (Roche) at 50°C for 2-3 hours in a SI 20H hybridization oven 
(Stuart Scientific, UK). The solution was replaced with 5 ml fresh EasyHyb solution 
containing 0.3-0.6 µl denatured probe (depending on the relative strength of the probe 
determined in a titration experiment) and hybridization was performed at the 
conditions listed above. Washing of membranes was conducted at 68°C twice with 40 
ml buffer #1 (2 x SSC, 0.1% SDS) for 5 min and then twice with 40 ml buffer #5 
(0.05 x SSC, 0.1% SDS) for 15 minutes each. Non-isotopic detection of the 
hybridized probe was performed according to the Roche manual. Chemiluminescent 
signal (from dephosphorylated CPD-Star substrate) was recorded on BioMax ML film 
(Kodak) by taking multiple exposures for every membrane. 
 
2.7. Analysis of array data  
Images were captured with FluorS-Multiimager (BioRad) and signal/background 
intensities were quantified using ImaGene 4.0 (BioDiscovery) software. Data was 
further processed using Microsoft Excel. After defining relative signal intensity for 
each spot on the separate membranes (signal median minus local background median) 
values were normalized across membranes based on the values measured from 
housekeeping genes. (Mean signal intensity for the 12x3 positive spots has been 
defined for each membrane and also across membranes. Each intensity value from a 
given membrane was then multiplied by the quotient of the membrane average and 
the mean of the membrane averages.) A gene was considered to be expressed in a 
given tissue if the median of normalized values from six independent hybridizations 
exceeded the mean value of the negative controls plus twice their standard deviation 
(threshold = mean + 2 x SD of the negative controls).  
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The expression of a clone was labeled as potentially tissue-specific, when i.) the 
median value for a clone in one tissue was higher than threshold, but from the other 
two tissues fell bellow that; and ii.) there was a significant difference between the 
mean of the values from the given and the two other tissues (assessed by student T-
test). A gene was considered to be upregulated if the median value from one tissue 
was at least 2 times higher than the median value of any of the other two tissues. 
Datasets derived from the hybridization of young gonad probes were normalized 
and sorted into two clusters of proposed males and females (assuming that the 
difference between two datasets at a particular developmental stage is primarily sex 
related). One dataset was randomly selected at each developmental stage and 
compared pairwise to every other dataset from the same age group. Differences 
between each data point in the two datasets were obtained and the mean for the 
differences (remainders) was used as a dissimilarity value [dissimilarity value = mean 
(dataset A – dataset B)n ]. Datasets with low dissimilarity values (dissimilarity < 4) 
were considered to be part of the same cluster, while the remaining datasets were 
placed to the other cluster. The dissimilarity was then tested among datasets in the 
same cluster to test for coherence of the cluster and to exclude outlying datasets. 
To identify genes with differential expression during development clones without 
significant signal with any of the probes or without a minimum of two-fold difference 
between the two sexes at least in one of the stages were removed from the dataset. 
The remaining clones were then sorted into clusters with similar expression profile 




2.8. Construction of full-length cDNA libraries 
Total RNA was pooled from the gonad of 3 and 4 week old individuals of both 
sexes and 5 week old males, respectively. Full-length cDNA was synthesized using 
Creator Smart Library Construction Kit (Clontech) according to the manufacturer’s 
instruction. After SfiI restriction enzyme digestion the adaptors and short cDNAs 
were removed by ChromaSpin 400 column (Clontech). The size fractionated cDNA 
pool was then cloned into a pBluescript based vector (pBS-SK-Sfi, for restriction map 
see Appendix 1) and transformed into E. coli XL10-Gold cells. Clones for forty 96-
well plates were picked and their insert sequenced for each library, respectively. 
 
2.9. Construction of subtracted cDNA libraries 
Two sets of subtractive hybridizations were performed: 3 week old gonad (driver) 
from 4 week old “male” gonad (tester), 4 week old “female” gonad (d) from 4 week 
old “male” gonad (t). The PCR-SelectTM cDNA subtraction kit (Clontech) was used to 
enrich for tissue-specific fragments from the SMART cDNA template according to 
the recommendations of the manufacturer. To further enrich for truly differentially 
expressed genes mirror oriented selection was applied [240]. The selectively 
amplified cDNA fragments (in average 400-800 bp in length) were ligated into 
pGEM-T (Promega) cloning vector. 
 
2.10. Analysis of gene expression 
cDNAs were generated from different adult tissues (testis, ovary, female brain, 
male brain, eye, gill, skeletal muscle, skin, kidney, liver and gut) and pooled embryos 
or larvae from different developmental stages (3 hpf, 1, 3, 5, 7, 11, 14, 17, 19, 21, 25 
and 30 dpf) using SMART cDNA synthesis Kit (Clontech). One microliter cDNA 
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from each sample was subjected to PCR analysis to test for the presence of a 
particular gene product. Reaction mixtures (25 µl) contained: 1x buffer (Promega), 
1.5 mM MgCl2, 400 µM each dNTP, 400 nM of each primers, and 0.5 U of Taq 
Polymerase (Promega). The thermal cycle profile consisted of an initial denaturation 
at 94°C for 2 min, followed by 35 cycles of 94°C for 20 sec, 55°C for 20 sec and 
72°C for 1 min, and a final extension step of 72°C for 5 min. Five microliters of PCR 
products were separated on 1.5% agarose gel. 
To analyze the expression in the developing gonad, heterozygous vas:EGFP 
individuals were sorted on the basis of EGFP expression. As vas:EGFP showed 
stronger expression in the oocytes than in the spermatocytes, individuals with strong 
expression were considered to be females. Those individuals, in whom the early 
EGFP expression faded away, were likely to be males. The gonad was isolated from 
4, 5, 6 and 7 week old individuals. A few samples isolated from EGFP expressing and 
non-expressing individuals were pooled, respectively. Total RNA was isolated using 
RNeasy Mini Kit (Qiagen) and quantified by NanoDrop ND-1000 spectrophotometer 
(NanoDrop Technologies). 50 ng total RNA was reverse transcribed using 
PowerScript reverse transcriptase (Clontech). 1/10 of the first strand DNA was 
analyzed by PCR as described above (the PCR cycle was repeated 38 times). 
 
2.11. Isolation of the cDNA ends 
“Rapid Amplifications of the cDNA Ends” (3’ and 5’ RACE) were mainly 
performed on zebrafish adult testis or ovary cDNA libraries [241]. For the 
amplification of the ends, T3 and T7 primers were applied in combination with gene 
specific primers. The end of some of the transcripts was defined or confirmed using 
the SMART RACE Amplification kit (Roche). Fragments originating from RACE 
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were ligated into pGEM-T-Easy vector (Promega). From each ligation a minimum of 
three clones containing an insert of the expected size were sequenced. 
 
2.12. Radiation Hybrid mapping 
The tbp, tbp2 and tlf loci were mapped to the LN54 radiation hybrid panel [89] 
by using the primers listed in Table 2. PCR reactions were performed in 25 µl volume 
containing: 1x Promega PCR buffer, 1.5 mM MgCl2; 200 µM for all dNTPs, 200 nM 
of both primers, 1U of Taq polymerase (Promega). Cycling conditions were: pre-
amplification denaturation at 94°C for 2 min, followed by 35 cycles of 94°C for 20 
sec, annealing (55-60°C) for 30 sec and 72°C for 2 min, then a final extension of 
72°C for 5 min by using a PTC-100 PCR machine (MJ Research). Scoring data were 
submitted to http://mgchd1.nichd.nih.gov:8000/ zfrh/beta.cgi. 
 
2.13. Sequence analysis and database search 
Sequences were aligned and compared by Sequencher (Gene Codes Corporation) 
or ClustalX [242] softwares. Protein sequence was translated from the nucleotide 
sequence using EditSeq (DNASTAR Inc.). The structure of the human TBP protein 
was obtained from Protein Data Bank (1TGH), and compared to the consensus 
sequence of Tbp2 proteins using Cn3D 4.1 software. 
For the identification of homolog sequences in other metazoans a protein 
sequence from a closely related species was used to search (BLASTx) various 
nucleotide, EST and/or genomic sequence databases (mainly NCBI: 
www.ncbi.nlm.nih.gov; TIGR: www.tigr.org/tdb/tgi; Ensembl: www.ensembl.org). 
The unrooted evolutionary distance tree was generated with the Neighborhood Join 




 Table 2: Sequence of primers used in this study 




























Hsp70:tbp2-R GGACAAACCACAA CTAGAATGC 
 
2.14. Reverse Transcription Polymerase Chain Reaction (RT-PCR) 
One hundred ng of total RNA isolated from zebrafish, green spotted pufferfish, 
African clawed frog or a mouse total RNA panel (#7800, Ambion) were used in RT-
PCRs. (100 ng brine shrimp total RNA was used as a negative control.) The OneStep 
RT-PCR kit (Qiagen) was used according to the manual. Primers were designed 
(Primer Premier 5 software) to different exons of the gene to avoid amplification from 
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genomic DNA contamination. The resulting products were separated on 1.5 % 
agarose gel and visualized by the GelDoc System (BioRad).  
  
2.15. Protein extraction 
Sexually mature individuals were anesthetized in 0.04% 3-aminobenzoic acid 
ethyl-esthermethanesulfonate (Sigma) and dissected under a stereomicroscope. Tissue 
samples were stored on ice until further processing.  
The chorion of embryos was subjected to Proteinase K (0.25 mg/ml in PBS) 
digestion for 45 seconds at room temperature (RT), followed by extensive rinsing 
with PBS. The embryos were then transferred to PBS containing 1 mM PMSF 
(Sigma) and incubated on ice. The weakened chorions and the majority of the yolk 
were then mechanically removed by a pair of 26G½ needle tips. 
For PAGE electrophoresis samples were homogenized with equal volume of 2X 
loading dye (100 mM Tris at pH 6.8, 200 mM DTT, 4% SDS, 0.2% bromophenol 
blue and 20% glycerol) in a glass homogenizer (Kontes Glass Co.). Prior to gel 
electrophoresis, samples were denatured at 100°C for 5 minutes. For gel-fractionation, 
samples were homogenized in lysis buffer (25 mM phosphate buffer pH:7.0, 150 mM 
NaCl, 0.2 mM EDTA, 10% glycerol, 0.5% NP40, 1 mM PMSF, Protease Inhibitor 
Mix (Roche), 0.2 mM DTT). Cell debris and protein aggregates were removed from 
the lysates by centrifugation at 5000 g at 4°C for 2 min. 
The concentration of the protein extract was defined using the amidoblack 
method. 1-20 µl sample was diluted to 200 µl with water and mixed with 0.5% 
amidoblack solution (10% acetic acid, 90% methanol). The mixture was centrifuged 
at 12,000 rpm for 15 min at RT and the precipitate was washed with 1 ml of washing 
solution (10% acetic acid, 90% methanol) and centrifuged again at 12,000 rpm for 15 
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min at RT. The precipitate was then dissolved in 0.2 M NaOH. The absorbance of the 
solution was measured at 615 nm. The concentration of the sample was calculated by 
comparing the result to a standard curve. 
 
2.16. Western Blot analysis 
For protein electrophoresis MiniProtean (BioRad) or SE660 (Hoefer) 
electrophoresis units were used. 30-40 µg of total protein extracts were separated on 
SDS-PAGE (10%T 3.3%Cbis) in Tris-glycine electrophoresis buffer (25 mM Trizma 
base, 250 mM glycine and 0.1% SDS). The size of the protein bands was estimated by 
comparison to Rainbow Protein Ladder (Amersham Biosciences). The size of Tbp and 
Tbp2 are estimated to be 35 kDa and 45 kDa, respectively.  
Transfer of proteins onto Hybond-P membrane (Amersham Biosciences) was 
carried out in transfer buffer (48 mM Trizma Base, 39 mM glycine, 0.038% SDS, 
20% methanol) at 4ºC (40V, O/N). The membrane was then blocked with 5% skim 
milk powder in PBS for 2 hours at RT. The binding of the primary antibody (mouse 
TFIID 58C9 from Santa Cruz Biotech recognizes both zebrafish Tbp and Tbp2) was 
carried out overnight 1:1000 in 1% milk at 4ºC. Excess of primary antibody was 
removed by washing (0.1% of NP40 in PBS) at RT for 3 x 10 min. Thereafter, an 
anti-mouse IgG horseradish peroxidase conjugate (Santa Cruz Biotech, 1:5000) was 
applied and incubated at room temperature for an hour. Another three rounds of 
washing were made. The membrane was incubated in detection buffer (200 µM 
coumaric acid, 1.25 mM luminol, 12 µl of 30% hydrogen peroxide in 40 ml of 0.1 
mM Tris-HCl, pH 8.5) for one min. Luminescent signal was detected by BioMax 





Ovaries dissected from sexually mature zebrafish were fixed in 4% PFA 
(paraformaldehyde in PBS) overnight at 4°C. After two times 10 min wash in PBST 
(0.1% Tween 20 in PBS) the tissue sample was embedded into 1.5% low melting 
point agarose (BioRad) and soaked in 30% sucrose overnight at 4°C. Samples were 
frozen in the fume of liquid nitrogen using Jung Tissue Freezing Medium (Leica). 12 
µm sections were made with a CM 3050S microtome (Leica) and transferred to 
Superfrost Plus microscope slides (FisherBrand). Sections were incubated overnight 
at 42°C and treated with 0.2% Triton X100 (Sigma-Aldrich) in PBS for 30min. After 
three times 5 min wash in PBS sections were blocked with NPBS+ (0.1% NP40, 2% 
fat-free milk powder, 5% fetal bovine serum, 0.02% Na-azide in PBS) for 2h at RT. 
(Control slides were not incubated with 1° antibody). Slides were then incubated in a 
humidified chamber with the primary antibody overnight at RT (polyclonal rabbit 
anti-zebrafish Tbp2 2072/3 antibody [244], 1:250 dilution in NPBS+). The excess of 
primary antibody was removed by washing the slides in NPBS (0.1% NP40 in PBS) 
for 5 x 15 minutes. Secondary antibody was applied for 2h at RT (anti rabbit IgG 
HRP conjugate (Sigma), 1:300 dilution in NPBS+). The excess of secondary antibody 
was removed by washing the slides for 3 x 15 minutes in NPBS and then in NPBSD 
(0.1% NP40 and 1% DMSO in PBS) for 10 min. Finally the sections were subjected 
to DAB staining using SIGMAFAST™ 3,3′-Diaminobenzidine tablets. Oocytes were 
staged on the basis of the description of Selman and colleagues [245]. 
 
2.18. Gel-fractionation of protein complexes 
Gel-fractionation was performed on HiPrep 16/60 Sephacryl S-300 column 
(Amersham Biosciences) using Bio Logic LP system (BioRad) at 4°C. The column 
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was calibrated by HMW calibration kit (Amersham Biosciences). 400-500 µl (0.8-1.2 
mg) of the protein extracts from adult zebrafish ovary, pre-MBT (32-64cell stage) and 
post-MBT (30-50% epiboly) embryos were loaded onto the column and eluted with 
elution buffer (25 mM phosphate buffer pH:7.0, 150 mM NaCl, 0.2 mM EDTA, 10% 
glycerol, 0.2% NP40, 1 mM PMSF, Protease Inhibitor Mix (Roche)) at a 0.3 ml/min 
rate. The protein content of the 1 ml fractions were precipitated by 0.2 ml of 100% 
Trichlor Acetic Acid (TCA). After centrifugation (12,000 rpm, 4°C, 5 min) the pellet 
was washed twice with ice-cold acetone and resuspended in SDS-PAGE loading dye. 
Half of every third fraction was subjected to Western blot analysis. 
 
2.19. Generation of hsp70:tbp and hsp70:tbp2 constructs 
First, a 1.5 kb long fragment (BamHI/PstI of the zebrafish hsp70 promoter was cloned 
into pEGFP1 vector (Clontech) at BglII and PstI sites. The EGFP cassette was then 
replaced by the PCR amplified ORF of the zebrafish tbp or tbp2 genes using SalI and 
NotI enzymes. Finally the whole construct (hsp70 promoter, tbp or tbp2 ORF and 
SV40 polyadenylation sequence) was amplified using vector-specific primers 
extended with SceI meganuclease recognition sequence 
(TAGGGATAACAGGGTAAT) and cloned into pGEM-T vector (Promega). The 
entire ORF and the ends of both constructs were sequenced to avoid unwanted 
mutations.  
 
2.20. Establishment of transgenic zebrafish lines 
Over 400 one-cell stage embryos were microinjected with the hsp70:tbp and 
hsp70:tbp2 constructs, respectively. The injection solution contained 100 ng/µl 
plasmid DNA, 1U/µl SceI meganuclease (Roche), 0.5x SceI buffer (NEB) and some 
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food dye to visualize the injected solution. A drop with approximately 1/5 of the 
diameter of that of the egg was injected into each embryo using PLI-100 Picoinjector 
(Harvard Apparatus) and sharpened borosilicate capillary (1 mm/0.58 mm, Sutter 
Instruments). The embryos were nursed in a thermostat (AquaLitic) at 28.5°C for a 
few days and then grown to sexual maturity in the fish facility (Aquatic Habitat 
System) at ambient temperature. 
Potentially transgenic founder fish were bred pairwise with wild type individuals 
or with each other to test for the inheritance of the transgene. Ten larvae were pooled 
and genomic DNA was isolated from 6-10 pools of each offspring population. The 
samples were subjected to Proteinase K (2 µg/ml; Qbiogene) digestion in 5% 
suspension of Chelex 100 (BioRad) for two hours at 55°C, with shaking. Post-
digestion, the samples were incubated at 90ºC for 10 min and then centrifuged at 
12,000g for 5 min. One microliter of supernatant was analyzed by PCR using 
construct-specific primers listed in Table 2. The PCR conditions are described in 
paragraph 2.12. The remaining offspring from the “positive” batches were grown to 
sexual maturity and used for testing the heat inducibility of the transgenes as well as 
for the maintenance of the transgenic lines. 
 
2.21. Testing the heat inducibility of the transgenes 
The heat-inducibility of the transgene in two independent lines for both hsp70:tbp 
and hsp70:tbp2 were tested. Heterozygous F1 transgenic fish were crossed with wild 
type individuals. (Note that only half of the offsprings carried the transgene). 
Embryos were nursed at 28.5ºC, while unfertilized or malformed embryos were 
removed. Heat shock was performed according to Adam and colleagues [246]. At 4 
hpf, embryos from each line were transferred to a 38°C water bath for 15 min, then 
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returned to 28.5°C. (Control embryos were maintained at 28.5°C.) At 6 hpf, the 
embryos (30 for testing hsp70:tbp lines, 60 for hsp70:tbp2 lines) were sacrificed for 
protein extraction as described in paragraph 2.15. 
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CHAPTER 3: RESULTS I 
 
3.1. Studies on zebrafish gonad development: objectives and considerations 
Our primary aim was to gain a better understanding of the molecular events 
underlying gonad development in fish. We have chosen zebrafish, given its 
importance as a model organism for vertebrate developmental biology. Zebrafish is a 
juvenile hermaphrodite; as such it is an excellent model to study this peculiar mode of 
gonad differentiation and could also provide some information about the 
transformation of the ovary in protogynous hermaphrodites. Moreover the sex 
determination system of zebrafish is also “unconventional”, which is most likely 
based on the cumulative action of several “sex determining” genes/pathways. As it is 
difficult to dissect such a complicated system with the use of classical genetic 
methods (e.g. QTL mapping), we decided to apply genomic approaches instead. With 
the use of transcriptome analysis and array hybridization we hoped to characterize the 
changes in gene expression profiles during gonad differentiation and to identify 
transcripts differentially expressed in the two types of gonad. 
 
3.1.1. Generation of zebrafish gonad “Gonad UniClone” array 
Prior to my involvement in this project four different kinds of cDNA libraries 
have been generated from adult zebrafish testis and ovary in our laboratory: three 
subtracted libraries, two un-normalized and two normalized full-length libraries as 
well as twenty-seven ORESTES mini-libraries (for details see Appendix 2). Over 




Upon joining the project the resulting sequences were trimmed and cleaned by 
removing low quality/short reads as well as repeat sequences (joined effort of Li 
Yang, Laszlo Orban and the author), resulting in 7,674 testis-derived and 2,859 ovary-
derived EST sequences. These sequences were combined with sequences downloaded 
from the dbEST (Jan 2003; 9,465 testis-, 15,408 ovary- and 14,034 kidney derived 
ESTs). Following the removal of 233 suspected chimeric ESTs and masking the low 
complexity regions and repetitive elements, the sequences were clustered (by Jer Ming 
Chia, Alan Christoffels and Elia Stupka). The clusters were then classified according 
to the tissue origin of their component ESTs revealing the representation of about 
11,511 transcripts (5280 clusters, 6231 singletons) in the gonad-derived EST set (Fig. 
4, for the detailed analysis of this dataset see [241]). 
Based on the clustering data we rearranged our clone set to reduce its redundancy 
below 5% (joined effort of Li Yang and the author). Clones from full-length or 
normalized libraries representing 1,419 clusters and 1,342 singletons were selected 
(“Gonad UniClone” set). Two macroarrays (named Gonad UniClone arrays) were 
generated by spotting PCR-amplified inserts from this set onto nylon membranes 
(1,380 clones/array). A set of negative and positive controls were developed to assist 
the analysis of the hybridization data (for details see Material and Methods, 2.3.). 
 
3.1.2. Isolation of cDNA clones from the developing zebrafish gonad 
As our clone set was generated from the adult gonads of zebrafish and therefore it 
might miss genes that are expressed during gonad differentiation, full-length (3 and 4 
week gonad, 5 week male gonad) and subtracted libraries (4 week male gonad vs. 4 
week female gonad; 4 week male gonad vs. 3 week gonad) were generated later from 
the developing gonad as well. Thirteen thousand clones were end-sequenced from 
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these libraries. Following trimming and quality control these sequences yielded 
11,103 ESTs (3 week gonad: 3,129; 4 week gonad: 4,528; 5 week male gonad: 3446; 
for more detail see Appendix 2). These sequences were clustered together with over 
60,000 adult gonad ESTs. 2,280 young gonad ESTs do not match any adult gonad 
ESTs from our collection (942 clusters, 1,338 singletons) and was used to extend our 
“Gonad UniClone” collection. The composition of the clusters also showed the 
uneven representation of several genes in the adult and developing gonads (see 
Appendix 3). Moreover, more than 1,000 sequences were found to be unique to this 
collection and were not represented in GenBank by any other mRNA or EST 
sequence. 
Importantly, the macroarray used in the following experiments did not include 
clones from the developing gonad; those were only used in later experiments. 
 
3.1.3. Identification of genes specifically expressed in the adult zebrafish gonads 
cDNA probes were generated from adult testis, ovary and kidney, and were 
hybridized onto the Gonad UniClone macroarrays by using six parallels for each 
organ. The resulting patterns (see Fig. 5 for typical hybridization patterns) were 
analyzed and compared to each other. Clones showing significant signal with one of 
the gonad probes, but not with the other two were considered as potentially testis- or 
ovary-specific. Those clones, which belonged to a cluster with more than 5% ESTs 
from the other two organs (Table 3, Fig. 4), were removed from the dataset (by Jer 
Ming Chia). The consensus sequence of the remaining clusters was then used to 
search the dbEST database in GenBank to eliminate those clones, which show clear  
homology to ESTs derived from any other adult zebrafish organ, leaving 169 clones 
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Figure 4: Distribution of clusters and singletons according to the origin of 
zebrafish ESTs
Figure 5: Typical result from gonad UniClone array hybridization using 






(Appendix 4, Table 3). Ninety nine of these (32 from the testis and 67 from the ovary) 
were with known functions and some (e.g. dmrt1, histone H1, piwi, tektin 1) showed 
gonad-specific expression in other organisms. Forty sequences did not have a 
significant tBLASTx hit, while thirty were found to be similar to uncharacterized, 
“hypothetical proteins” (Appendix 4, Table 3). 
In a follow up experiment performed by Li Yang, 45 novel clones were tested by 
RT-PCR and the majority of them (66%) were found to be either testis- or ovary-
specific or upregulated in these organs [241]. 
 
Table 3: Gonad-specific clones identified by the combination of experimental and 
computational genomic tools 
 Testis Ovary 
Organ-specific by hybridization 118 312 
Belongs to a gonad-specific clusters or singleton* 93 135 
No BLAST hit on ESTs from other adult organs** 72 97 
No tBLASTx hit on known proteins (NCBI nr)  40 30 
 
* The cluster to which the EST belongs does not have more then 5% EST from other 
organs or it is a singleton 
** The consensus sequence of the corresponding cluster was BLASTed against 
dbEST, and the clone was removed if it matched an EST from adult organ other than 
testis or ovary. 
 
3.1.4. Expression profiling during gonad differentiation in zebrafish 
In order to identify genes, which are differentially expressed during sexual 
differentiation, gonads were isolated from 12 individuals at the age of 3, 4 and 5 wpf, 
respectively. A total of 36 cDNA probes were generated from these samples and 
hybridized onto the first gonad “Gonad UniClone” array (containing 1,380 clones). 
The resulting hybridization data were analyzed and compared to each other as well as 
to the data obtained from the hybridization with adult gonad probes (see above).  
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Since at the time of the experiment the sex of an individual can not be defined 
before 5 wpf by simple visual observation, at earlier stages it was estimated on the 
basis of the hybridization data. Individuals were sorted into two separate clusters 
(proposed males and females) based on the (dis)similarity of the corresponding 
datasets (for details see Material and Methods 2.7.). At 5 wpf the twelve hybridization 
datasets clearly formed two groups with 6 individuals each (mean dissimilarity: 
2.9±0.8, 6.9±0.4; Fig. 6A). This fully matched our sexing prediction based on the 
shape of the gonad. Clustering of the datasets produced by eleven 4 wpf gonad probes 
also yielded two clusters with 6 and 5 individuals, although the difference between 
clusters was less obvious (mean dissimilarity: 3.4±0.3, 5.1±0.8; Fig. 6A). When the 
average dissimilarity was tested within the 4 wpf clusters one dataset was found to be 
outlying, as it was more similar to data obtained from the 5 week old female gonads 
than any of the 4 week old ones (indicated by pink triangle on Fig. 6A). This dataset 
was excluded from later analysis leaving 4 putative males in this cluster. No 
significant difference has been found among the twelve datasets of 3 week old gonads 
either by “(dis)similarity clustering” or by pairwise scatter plot analysis (Fig. 6A, B).  
Scatter plot analysis of datasets indicated an increasing diversification of gene 
expression in the male and female gonads during differentiation (Fig. 6B-E). In order 
to identify genes with similar expression profiles the medians of signal intensities 
were compared across clusters. Two hundred and twenty clones with higher 
expression in the ovary and 88 with higher expression in the testis were clustered into 
seven major clusters with potential biological significance (Fig. 7). A substantial 
number of clones showed upregulation in the ovary at different stages of gonad 
development (59 clones from 4 week; 95 from 5 week, while 36 clones have higher 




Figure 6: Clustering and scatter plot analyses of hybridization data 
obtained from different stages of  zebrafish gonad development 
A: Clustering of the datasets on the basis of mean dissimilarity values compared 
to a reference dataset at different stages of development; B: Pairwise 
comparison of two randomly selected individuals; C-E: Pairwise comparison of 
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On the contrary we found only a few genes (a fusion clone of a novel gene and 
snRNP-F, a novel Hsf-like factor and retroviral polyprotein, named emu 1-3) with 
significantly higher signal in the males at early stages of differentiation. The majority 
of the testis upregulated genes appeared to be differentially expressed only in the 
adult gonads (34 clones, Fig. 7, Appendix 5E-F). Notably, differential expression of 
81 genes in the adult gonads resulted from their downregulation in either the ovary or 
the testis (Fig 7, Appendix 5D and G).  
 Most of the genes, that were upregulated early in the female gonad showed 
homology to oocyte-specific structural proteins (e.g. zona pellucida proteins, lectins) 
or to proteins important in cell cycle regulation (e.g. cyclins, for full list see Appendix 
5A). Genes upregulated in the ovary at later stages represented a wider range of 
functional categories (Appendix 5B, C). The majority of the “testis-specific” clones 
showed expression only in the adult testis (Appendix 5F), whereas the rest showed 
higher expression in the testis as a result of downregulation in the ovary. This cluster 
can be further divided into two subclusters (Appendix 5G). The first contained mainly 
ribosomal proteins for which the expression was found to be especially high during 
early gonad and testis development. In the females the expression of these genes 
gradually dropped to the level found in the kidney, while in the males the expression 
of these genes were maintained at a high level, although it decreased slightly in the 
adult testis in comparison to the young gonad. The second subcluster of genes 
(including subunits of cytochrome C oxidase) clustered based on specific 




Figure 7: Expression profile for gene clusters with differential expression in 
zebrafish ovary and testis
Red and blue lines show the mean signal intensity from the clones belonging to 
the cluster for females and males, respectively. The number of clones within a 
particular cluster is indicated in the upper left corner of each panel. Dotted line 
labels the minimal signal intensity, which was considered to be significant 
(mean of negative control + 3 x SD). 
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3.1.5. Expression analysis of genes identified in a cross-species hybridization 
experiment 
The large amount of classical genetic and histological data and the fully genetic, 
chromosomal sex determination system make common carp (Cyprinus carpio) a 
useful object for sex research. The close relatedness of common carp to zebrafish 
offers the possibility of cross-species investigations. 
In order to identify conserved genes involved in testis differentiation we used 
testis samples isolated from individuals of a monosex (XY) common carp population. 
Subtracted cDNA probes isolated from pre- and post differentiation (70 vs. 100 dpf) 
carp testis were hybridized earlier to a macroarray containing 1,100 subtracted or full-
length zebrafish clones (gonad samples were collected by Hans Komen, hybridization 
was performed by Ho Mei Yin). Analysis of the resulting data revealed the 
differential expression of 118 clones during the differentiation of the carp testis (43 
downregulated, 75 upregulated). Thirty-three clones with clear homology to 
housekeeping genes or ribosomal proteins were removed from the dataset. The 
expression patterns of the remaining 85 clones (named cz) were analyzed by PCR on a 
cDNA panel of different adult zebrafish tissues and developmental stages (for details 
see Material and Methods 2.10.). Thirteen of these were identified to have 
predominant expression in the adult zebrafish gonads (Table 4). Six were be present 
in both gonad types (e.g. piwi, lamin B) while 7 were absent from the ovary (e.g. 
serotonin receptor, pax5). Some of these genes were also expressed in other adult 
organs (e.g. brain, kidney; for details see Table 4). Using the same PCR of the cDNA 
panel strategy three genes were identified as upregulated in the 4 wpf testis (emu 1-3, 















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































3.1.6. Expression analysis of a few differentially expressed genes 
The expression patterns of eight novel transcripts identified earlier to be 
differentially expressed in the adult gonads, were further analyzed in the developing 
gonads. Samples were collected form vas:EGFP transgenic individuals at 4, 5, 6 and 
7 wpf (by Wang Xingang). Individuals were sexed based on EGPF expression (those 
with strong expression were considered as female and individuals with weak or no 
expression as male). Four of these transcripts (cz15, cz25, cz36 and cz133) were 
present in both male and female gonads at each time point, although their expression 
level were somewhat stronger in the testis (Fig. 8). Another transcript, cz38 showed a 
contrasting expression profile in the two types of gonad during development: it 
expressed in both sexes at 4 wpf but gradually disappeared from the ovary, while in 
the testis its expression became much stronger. Three genes (cz141, cz148 and emu3) 
were only expressed in the male gonad, each starting at different developmental 
stages (Fig. 8). 
 
3.1.7. Declaration on specific contribution 
All above experiments were carried out by the author unless it is mentioned 
otherwise. For further clarification specific contributions to each experiment are listed 
below: 
- The generation of cDNA libraries from the adult zebrafish ovary and testis and 
the sequencing were a group effort with minor contribution from the author.  
- Removal of low quality sequences, trimming of vector sequences and 
identification of potentially chimeric sequences were done by Li Yang, Laszlo 




Figure 8: Expression analysis of selected genes in the developing gonad
The expression of novel or hypothetical genes  in the gonad of 4, 5, 6 anf 7 
week old zebrafish as assessed by RT-PCR. Gonad was isolated form EGFP 
expressing (proposed females) and EGFP non-expressing (proposed males) 
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analysis of the EST sequences were performed by Jerm Ming Chia, Alan 
Christoffels with the supervision of Elia Stupka. 
- Manual rearrangement of the cDNA clones and the amplification of the inserts 
were done  by Li Yang and the author (equal contribution) 
- Design and generation of the UniClone macroarrays, generation of cDNA 
probes from the adult zebrafish organs, hybridization and the analyses of the 
data were done by the author. Sorting of clusters on the bases of their 
component ESTs were done by Jerm Ming Chia. A statistical analysis of the 
data was performed by the author based on the advice of Warren J. Ewens. 
- Isolation of the gonad from developing zebrafish larvae, generation of cDNA 
probes, hybridization and analyses of the data were exclusively done by the 
author. 
- Generation of full-length and subtracted cDNA libraries from the 
differentiating zebrafish gonad, sequencing and sequence analyses was mainly 
done by the author. Aarti Giri helped with the sequencing of about 30% of the 
clones. Clustering and bioinformatic analysis of the EST sequences were 
performed by Hamsa Srinivasan and Alan Christoffels with intellectual 
contribution from the author. 
- Pre- and post-differentiation carp testis samples were collected by Hans 
Komen. Cross-species hybridization was optimized and performed by Ho Mei 
Yin. The analysis of the hybridization data and the expression profiling of 
selected clones in zebrafish was done by the author. Total RNA samples from 




CHAPTER 4: RESULTS II 
4.1. Candidate gene approach 
In the course of our studies we have isolated and partially characterized a few 
genes in zebrafish, which have been shown to be important for the gonad 
development of other vertebrate species (see Table 4 for examples). 
We also determined the genomic sequence of an important germ cell expressed 
gene, vasa, in the hope to use its regulatory regions in a gonad-specific reporter 
construct. A transgenic line carrying the desired vas:EGFP construct has been 
generated by Krovel and colleagues in a parallel study [108], our analysis of the 
genomic sequence yielded important information. The vasa locus - together with the 
flanking regions - is 25 kb long and consists of 26+1 exons, with an average length of 
83 bp. The 5' end of zebrafish vasa is rich in repeats; it includes a peculiar tandem 
repeat with three units spanning a total of eight exons, each unit encodes for several 
tandemly arranged RNA-binding motifs (RGG boxes). The presence of various 
repeats in Vasa seems to be universal among the species studied, and could have 
functional importance during the evolution of the gene. Analysis of vasa transcripts in 
zebrafish identified numerous isoforms (some of them are preferentially/exclusively 
expressed in the male or female gonad) resulting from alternative splicing and 
polyadenylation. Mapping to two radiation hybrid panels strengthened the position of 




4.1.1. Identification of a novel transcription initiation factor 
Alternative transcription initiation factors (Trf1, Tlf) are involved with germ cell-
specific gene regulation, therefore members of the Tbp family have been considered 
as candidate genes and we embarked on their isolation from zebrafish.  
For the tbp, primers were designed on the basis of clustered zebrafish ESTs, 
which were pulled out from the dbEST database by various vertebrate Tbp baits. The 
zebrafish tlf was amplified with degenerate primers designed to anneal to conserved 
regions of vertebrate Tbp-like factors. When the cDNA sequences of tbp (AF503449) 
and tlf (AF503448) were BLASTed onto the zebrafish genome, an additional locus 
was identified. Since the new gene was more similar to tbp, than tlf we named it tbp2. 
After isolating the cDNA ends (RACE) the full-length transcript of tbp2 was 
determined to be 1601 bp (AY256970). The 939 bp long ORF is encoded by seven 
exons, and the organization of the exon-intron boundaries is very similar to that of tbp 
and tlf (Fig. 10A)., tbp2 mapped to chromosome 17 (3.2cR from fc10f08) whereas tbp 
(chr.13, 3.2cR from fk89a06) and tlf (chr.14, 3.7cR from fb20a09) were found on 
different chromosomes. These results show the presence of at least three genes 
encoding different Tbp-type factors in the zebrafish genome. In a parallel study a gene 
homologous to tbp2 has been identified in mice and named Trf3 [248]. 
 
4.1.2. Tbp2 is a vertebrate-specific paralog of TATA-binding protein (Tbp) 
Genome and EST sequence databases were searched to find homologs of Tbp2 in 
other metazoans. No tbp2 homolog was identified in the genomes of C. elegans, D. 
melanogaster, A. gambiae, and C. intestinalis. On the other hand, tbp2 can be found 
in all vertebrate species studied: T. rubripes, X. laevis, G. gallus, M. musculus, and H. 






Figure 9: Phylogeny of the Tbp-type factors in yeast and metazoans
A:  Summary of genes encoding Tbp-like proteins. Grey boxes represent genes, 
which have already been identified or can be found in the genome of the given 
species
B: Phylogenetic tree of the TBP-type factors. Unrooted evolutionary distance 
tree was generated with the Neighbourhood Join method using Mega 2.1 
software. Bootstrap probabilities are shown on the corresponding branches. 
dm: Drosophila melanogaster; ci: Ciona intestinalis tr: Takifugu rubripes; dr: 
Danio rerio; xl: Xenopus laevis; gg: Gallus gallus; mm: Mus musculus; hs: 
Homo sapiens. Tbp: TATA binding protein; Trf: Tbp related factor; Tlf: Tbp-

















































































































































































































































































































































When the phylogenetic relationship of Tbp-related proteins from different metazoans 
was analyzed, Tbp2 proteins formed a separate branch on the unrooted evolutionary 
distance tree, with closer relation to Tbp-s than to TRF1 or Tlf homologs (Fig. 9B).  
 
4.1.3. Common and unique features of the Tbp and Tbp2 proteins 
The Tbp proteins can be divided into two major parts: i.) a highly conserved core 
domain with all the residues important for nuclear localization, DNA binding and the 
majority of protein-protein interactions; ii.) N-terminal domain, which has limited 
conservation within vertebrates (Fig. 10). When amino acid sequences were 
compared, the core domain of Tbp2 was found to be almost identical to that of the 
Tbp indicating structural similarity (Fig. 10A, B; Appendix 6). The level of 
conservation was found to be somewhat lower in the core domain within Tbp2s 
compared to Tbp-s, and there were only a few residues in Tbp2, which were 
conservedly different from that of Tbp-s (see blue residues on Fig. 10B and red 
arrows in Appendix 6). On the other hand, the N-terminal part of Tbp2 is very 
different from that of Tbp and is highly variable with the exception of a highly 
conserved motif (consensus: DLSFLPD, Fig. 10C, D). 
 
4.1.4. tbp2 is preferentially expressed during embryogenesis and in the adult gonads 
The expression pattern of tbp, tbp2 and tlf were analyzed by RT-PCR in different 
adult tissues and developmental stages of zebrafish. The transcripts of tbp and tlf were 
present in all samples studied (Fig. 11A). On the other hand, expression of zebrafish 
tbp2 was clearly higher in the gonads, with a trace amount of transcripts in other adult 
organs (e.g. brain and kidney). tbp2 transcripts were found to be maternally supplied 





Figure 10: Comparison of Tbp-like factors in vertebrates
A: Schematic comparison of the three Tbp-like proteins from zebrafish. The 
sequence identity of each exon in comparison to Tbp is indicated in percentage.
B: The structure of the core domain of the Tbp protein in complex with a 
TATA-box containing oligo (PDB: 1TGH). Colour code: yellow: DNA; red:
amino acid residues, which are conserved between Tbp and Tbp2; blue: amino 
acid residues, which are different in Tbp and Tbp2. 
For alignment see Appendix 5.
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Figure 10: Comparison of Tbp-like factors in vertebrates (continued…)
Amino acid sequence comparison of the N-terminal domain of Tbp and Tbp2 
proteins isolated form different vertebrate species are shown on panel C and D, 
respectively. A highly conserved motif in the Tbp2 proteins sequence is framed.
tr: Takifugu rubripes; dr: Danio rerio; xl: Xenopus laevis; gg: Gallus gallus; 





level afterwards (Fig. 11A). It is important to note, according to the in situ results of 
Ferenc Muller (Karlsruhe, Germany) tbp2 mRNA showed asymmetric distribution at 
50% epiboly stage with higher expression on the ventral side of the embryos [244]. 
To define the expression pattern of tbp2 homologs in other vertebrates, we 
performed RT-PCR on total RNA isolated from different tissues of green-spotted 
pufferfish (Tetraodon nigroviridis), African clawed frog (X. laevis), chicken (G. 
gallus) and mouse (M. musculus). Similarly to zebrafish, tbp2 transcripts were mainly 
found in the adult gonads and often enriched in the ovary (Fig. 11B).  
 
4.1.5. Tbp2 has higher expression in the adult ovary than in the testis and it localizes 
to the nucleus of young oocytes 
Western blot analysis using an antibody which recognizes both Tbp and Tbp2 
proteins revealed the contrasting expression of Tbp and Tbp2 proteins in the adult 
zebrafish gonads. Tbp expression was very strong in the testis, while its expression 
level in the ovary was significantly lower. Conversely, a higher amount of Tbp2 was 
detected in the ovary than in the testis (Fig. 12A). Interestingly, Tbp2 was hardly 
detectable during embryonic development (data not shown). 
When the subcellular localization of Tbp2 was studied (the antibody used for this 
experiment is specific to the N-terminal region of Tbp2) in the adult zebrafish ovary it 
was found to be present in the germinal vesicle (nucleus) of the stage I oocytes and 






Figure 11: Expression analysis of Tbp-like factors
A: The expression of tbp, tbp2 and tlf in adult organs and developmental stages 
of zebrafish (whole embryos or larva) as assessed by non-quantitative RT-PCR. 
Beta–actin is used as a control. The number of cycles used is indicated on the 
right.
B: The expression of tbp2 in adult organs of green-spotted puffer fish 
(Tetraodon nigroviridid), african clawed frog (Xenopus laevis), chicken (Gallus 



































































































































































































































































































































































Figure 12: Expression of Tbp-like factors in the adult zebrafish gonads
A: Western Blot analyses of Tbp and Tbp2 expression in the adult zebrafish 
ovary and testis. The monoclonal antibody used (58C9) recognises both Tbp and 
Tbp2 proteins. 
B: The subcellular localization of Tbp2 protein at different stages of oogenesis 
as assessed by immunohistochemistry (DAB staining). The polyclonal antibody 






























4.1.6. A unique Tbp2 complex is present in the zebrafish gonads 
We size fractionated ovarian, testicular, and pre- and post-MBT tissue lysates and 
analyzed the resulting fractions by Western blot (Fig. 13). Three major Tbp2 
complexes can be identified in the ovary and in the testis at the size of approximately 
1000, 550 and 180 kDa. Two complexes of similar size (1000, 550 kDa) also contain 
Tbp, but the 180 kDa complex appears to be specific to Tbp2 and may also be specific 
to the gonads as well. A complex with the approximate size of 300 kDa also contains 
a protein identified by the Tbp antibody (58C9). The recognized protein migrates 
slightly slower than Tbp in the gel and could be a post-translationally modified 
product of Tbp. However further experiments are necessary to reveal the identity of 
that protein.  During embryonic development Tbp2 complexes are hardly detectable. 
On the contrary, the amount of Tbp complexes, which were also present in the ovary, 
increased dramatically. 
 
4.1.7. Generation of transgenic zebrafish lines overexpressing Tbp or Tbp2 
Two DNA constructs containing the complete ORF of zebrafish tbp or tbp2 under 
the control of the heat inducible zebrafish hsp70 promoter have been created 
(hsp70:tbp, hsp70:tbp2). In order to generate transgenic zebrafish lines these 
constructs have been microinjected into fertilized zebrafish eggs. The founders were 
grown to maturity and crossed with wild-type fish or with each other to test for the 
inheritance of the transgene (breeding and PCR screening were performed by an 
honors student, Ong Jun Jie). Three independent lines carrying hsp70:tbp (line #1, 4 
and 12) and two independent lines transgenic for hsp70:tbp2 (line #1 and 23) were 
established. The heat inducibility of the transgenes was tested in two lines for each 
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Figure 13: Tbp and Tbp2 containing complexes in the gonads and early 
stages of embryogenesis
Every third fraction of the size fractionated testicular, ovarian, pre- and post-
MBT embryonic extracts have been subjected to Western blot analysis (58C9 
antibody). Fractions containing the highest amount of protein standards at the 
size of 670, 440, 230 kDa are indicated on the top of the panel. Unique Tbp2 

































































transgene. The transgene was found to be heat-inducible in all four lines (Fig. 14). In 
the hsp70:tbp lines a subtle increase of Tbp level was observed above the endogenous 
protein level as a result of the heat-shock (Fig. 14). The heat inducibility of the 
hsp70:tbp construct was also confirmed at the mRNA level by RT-PCR (data not 
shown). The heat-inducibility of the hsp70:tbp2 construct was much more obvious 
even at the protein level (Fig. 14). A very weak, “leaky” expression of the transgene 
was detected in hsp70:tbp #12 and hsp70:tbp2 #23 even in the non-induced 
individuals (data not shown, Fig. 14). The effect of overexpression of Tbp or Tbp2 




















Figure 14: Testing zebrafish lines transgenic for either hsp70:tbp or  
hsp70:tbp2.
Western blot analysis of protein extracts isolated from heat-shocked (HS, 38oC) 
and  non heat-shocked (Ø, 28oC) embryos. Legend: WT, wild type; Fe, female; 
M, male.
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 CHAPTER 5: DISCUSSION 
 
5.1. Transcriptomic and genomic studies on the developing zebrafish gonad 
The catalog of genes expressed in a given organ/cell type at a particular 
developmental stage (the transcriptome) is important for molecular biologists for 
several reasons. It helps to identify transcripts expressed in the selected organ, 
allowing for better understanding of molecular events underlying the physiological 
processes. EST collections and clustered cDNA sets have a very important role in 
“complementing and advancing identification of genes from annotated genome 
sequences” [249]. Today the fifth assembly of the zebrafish genome sequence (15 
Feb. 2005, Sanger Center) with a 6.5-7 times coverage and the 579,371 EST 
sequences deposited to the GenBank (15 July 2005) provides sequence information 
for researchers and the backbone for Genome Research in zebrafish.  
At the beginning of our study there were only about one thousand gonad-derived 
ESTs in the dbEST. During the last five years the number of these sequences reached 
about 74,000 (27,613 ovary, 34,422 testis, and 12,033 developing gonad), which 
made it one of the largest organ-specific zebrafish EST collections. Forty percent of 
these sequences (30,033 ESTs) have been generated in our laboratory including all 
ESTs derived from the differentiating gonad.  
EST sequences originating from different kinds of libraries have different 
features in terms of transcriptome coverage. For example full-length libraries provide 
the best coverage of cDNA ends [250], subtracted libraries are likely to contain rare, 
tissue-specific transcripts [205], while ORESTES libraries are enriched for cDNA 
clones containing the central portion of the transcripts [206, 251]. Our ESTs were 
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generated by sequencing several thousand clones from different kinds of libraries 
instead of sequencing deeply into a single, normalized library. We believe that this 
approach has contributed to the fact that more than 2,000 sequences are unique to our 
collection and not represented in GenBank by any other mRNA sequences. 
According to Velculescu and colleagues [252] most healthy human tissues 
express 9.5-15 thousand unique genes (with gonads being closer to the top of the 
range). If we presume that the increase in the number of unique genes expressed per 
tissue is proportional to the increase in the number of loci of zebrafish in comparison 
to humans, we would expect 12-19,000 unique genes expressed in each gonad type. 
With an estimated 5% remaining redundancy rate in our clustered data set, we predict 
that the recent EST collection covers about half of the complete gonad transcriptome. 
To make efficient use of our cDNA collection we applied EST clustering to 
decrease the redundancy of our original clone set: in addition to the singletons only a 
single clone from each clustered cDNA set was spotted onto the “Gonad Uniclone” 
array. Although in the absence of full-length sequences for the majority of our clones 
we were unable to determine the exact redundancy of our spotted dataset, we assume 
that it should be below 5%, leaving over 6,000 unique clones in our final clone set 
(2,500 on the macroarrays used in this study). Our “Gonad Uniclone” array is the 
second specialized zebrafish cDNA array – following the one described in [253] – 
which contains clones from a limited set of organs. In the case of such specialized 
arrays the total number of transcripts is generally lower than on “general arrays” (e.g. 
[254, 255]) but the proportion of clones expressed in the studied tissue/developmental 
stage can be much higher. For example Wen and colleagues identified 330 female 
enriched genes on their array representing app. 9,000 different transcripts [256], while 
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we found a similar number of potentially ovary-specific transcripts (312) on our 
Gonad UniClone macroarray (app. 2500 unique clones).  
Membrane-based macroarrays are cheaper alternatives to microarray as they 
require less specialized equipment [235]. Although the sensitivity of membrane-based 
arrays can be increased to the level achieved on microarrays [257], there are two 
major disadvantage to macroarrays: i) they contain fewer clones and therefore only 
support low- to mid-scale studies; ii) fluorescently-labeled probes can not be applied 
to membranes used in macroarray studies due to their auto-fluorescence (DIG-labeled 
or radioactively labeled cDNA probes are used). As a consequence, probe pairs can 
not be hybridized simultaneously to the same membrane. 
I have been involved with three major projects aiming to identify genes 
differentially expressed in the two gonad types of zebrafish. 
Our effort to identify genes with specific expression in the adult gonads relied on 
the combined application of experimental and computational genomic tools. This 
strategy allowed us to remove many false positive clones and identify 72 testis- and 
97 ovary-specific genes with good accuracy. (As neither of these methods are perfect 
there may be some clones filtered out but in reality specifically expressed in the gonad 
(false negative)). Many of the selected genes showed homology to known gonad-
specific genes (zona pellucida genes, tektin, etc.) validating our approach, but 70 of 
them encoded for novel/predicted proteins. Importantly, the majority of the selected 
genes was specific to the adult gonads and did not express at earlier stages of gonad 
development. 
In our hybridization experiment where we used probes generated from young 
zebrafish gonads to screen the Gonad UniClone array, we found that major 
differences at the gene expression level start to appear from 4 wpf. This coincides 
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with the age when the first signs of gonad differentiation can be observed by 
histological means [101]. Comparing the expression profiles of individual gonads 
allowed us to differentiate the two sexes as early as 4 wpf. Today the use of 
transgenic zebrafish lines (e.g. vas:EGFP, β-actin:EGFP) makes it possible to follow 
the ovarian development in vivo and reliably sex the fish at about the same time 
without the isolation of their gonads [103, 104]. The use of these transgenic fish will 
provide an  opportunity for a more detailed expression analysis during differentiation 
and directly link the events observed in vivo to changes in the expression pattern. 
The expression profile of the adult zebrafish ovary is vastly different from that of 
the testis as well as the kidney (Fig. 6E; data not shown). This huge difference seems 
to be the result of the extremely strong expression of some ovary-specific or maternal 
genes, as well as downregulation of some housekeeping genes in the ovary. There are 
two major waves of the expression of ovary-specific genes: i) several genes, which 
start to express 4 wpf encode for structural proteins or proteins important in cell-cycle 
regulation, and likely to support the formation of the ovary; ii) genes, which are 
upregulated in the ovary at later stages belong to a wider range of functional 
categories, most likely because of the intense expression of maternally deposited gene 
products. Interestingly, a group of genes including three subunits of cytochrome C 
oxidase (Cox) became specifically downregulated in the ovary during differentiation. 
The downregulation of Cox might reflect modifications in the energy metabolism in 
this organ [258]. 
There is a coherent group of genes, primarily composed by ribosomal proteins, 
that are highly expressed during early gonad differentiation and get downregulated in 
the female gonad resulting in differential expression in the adult gonads. The high 
level of expression of several ribosomal genes in the testis was also reported by Shang 
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and colleagues in swamp eel (abstract of [259]). As increased ribosomal gene 
expression is in general associated with increased proliferate activity [260], we tend to 
believe that the high amount of ribosomal proteins present during gonadal 
transformation and in the adult testis is in support of the higher proliferative profile of 
these tissues.  
We have identified significantly fewer clones specifically upregulated in the male 
rather than in the female gonad during development, and the majority of these only 
expressed at a higher level in the adult testis. We hypothesize that many other genes, 
which are expressed only temporarily during gonad transformation and early testis 
differentiation, are not represented on our array. Therefore we decided to generate 
cDNA libraries from the differentiating gonad. With the clones generated from these 
new libraries we extended the Gonad UniClone set with 2,280 unique transcripts. 
Hopefully with the use of this extended clone set we will be able to study the 
expression profile of the transforming gonad in greater detail. 
Three genes have been identified in the young gonad hybridization experiment, 
which showed upregulation in the male gonad as early as 4 wpf. emu1 is a retroviral 
sequence (encodes for a Pol polyprotein), which is abundant in the zebrafish genome. 
Similar tissue-specific expression of another retroviral gene has been reported in the 
zebrafish thymus [261], but the biological significance of these “activated” 
retroviruses is unknown. emu2 encodes for a novel heat-shock factor-like protein 
(Hsf-like). Interestingly, it has been shown recently that another Hsf-like factor, 
HSFY is involved in spermatogenesis [262]. A colleague of mine, Mohammad 
Sorowar Hossain is currently studying the potential function of this protein during 
testis development in zebrafish. The third gene (emu3) is also novel and does not 
show any similarity to other genes. 
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Cross-species array hybridization is a feasible alternative of intra-species 
hybridization if array is not available from the species of interest [263]. Results 
obtained by Gilad and colleagues [264] showed the “negative” effect of sequence 
mismatches on array hybridization and suggest that extra care should be applied 
during the analysis of cross-species hybridization data. Nonetheless, applicability of 
arrays to identify differentially expressed, conserved genes in a related species has 
been recently proven by several groups (e.g. [265-267]).  
Our cross-species hybridization experiment was unique in the sense that most 
similar studies make use of arrays designed for a model organism to gain information 
from an economically important species (e.g. human vs. bovine [267]) whereas we 
used common carp (Cyprinus carpio) to identify genes differentially expressed during 
testis differentiation in zebrafish. We used common carp for several reasons: i) carp 
and zebrafish both belong to the same family [268], and have sufficient sequence 
identity at the mRNA level to support comparative studies (our unpublished data, 
[269]); ii) common carp larvae are much bigger than zebrafish larvae at the time of 
gonad differentiation (cm vs. mm), which makes the isolation of the gonad easier; iii) 
nearly isogenic, all-male lines are available from common carp [270] allowing the 
analysis of testis differentiation without the sexing of the individuals; iv) detailed 
histological data is available from the testis differentiation in these lines [271]. By 
hybridizing probes isolated from the pre- and post differentiation carp testis we have 
identified over one hundred clones, which gave significantly different signals with the 
two different sets of probes. Using a PCR-based method a small portion of these were 
found to be preferentially expressed in the adult zebrafish gonads. The “low 
efficiency” can be explained in several ways: i) some of the genes, that are 
differentially expressed during gonad differentiation do not necessarily show gonad-
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specific expression in adults; ii) the cross-species experiment results in a higher 
number of false positive(negative) clones; iii) the PCR-based test is not sensitive 
enough to detect minor differences in the expression level.  
Regardless of the relatively low efficiency, by using this approach we managed to 
identify a handful of genes displaying differential expression in the developing 
zebrafish gonads. About half of these showed sequence homology to known proteins, 
for many of which gonad-specific expression and/or function has been reported 
earlier. For example, piwi is a member of conserved germ cell specific gene family 
[272, 273] with functions in stem cell self-renewal, siRNA processing and 
gametogenesis [272, 274, 275]. Another gene which, showed upregulation in the 
differentiating zebrafish testis is pax5, a transcription factor with an essential role in 
B-cell differentiation and the development of the nervous system. It is also expressed 
in the mouse testis [276], but the testis of Pax5 mutant mice that survive to adulthood 
were histologically normal [277].  
In the course of our studies we have identified several novel genes (e.g. cz141, 
cz148, emu3, etc.) with differential expression in the adult and/or developing 
zebrafish gonads. Some of these genes might turn out to be important for some gonad-
related functions or even be essential for the differentiation of these organs, but they 
will definitely be useful as a marker for early gonad differentiation to facilitate further 
research on these organs. 
 
5.2. Tbp2, a novel transcription initiation factor  
We have identified a new transcription initiation factor, Tbp2 in zebrafish. 
Orthologs of tbp2 have been found in all vertebrate species studied, but not in 
invertebrates or not even in urochordates. The sequence of the Tbp2 proteins and their 
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exon-intron organization are most similar to that of Tbp-s, but they form a separate 
branch on the phylogenetic three. These data together strongly indicate that tbp2 
resulted from the duplication of the tbp gene during the evolution of the vertebrate 
lineage. Moreover, the exon/intron distribution of tbp2 is most similar to that of the 
gnatostome tbp (missing an intron, which is present in hagfish and lamprey [278]), 
which suggests that the duplication occurred after the separation of cyclostome and 
gnatostome lineages. Genome sequence from sharks could help to give a better 
estimate on the time of this duplication event. 
The core domain of Tbp2 is highly conserved and is almost identical to that of 
Tbp. As the core domain contains all residues important for DNA binding as well as 
for the major interaction with other general transcription factors [279], it is very likely 
that Tbp2 is able to fulfill all these molecular functions. In line with this hypothesis 
our collaborators (Tracy Hilton and Laszlo Tora) proved that Tbp2 can bind to a 
TATA-box containing oligo, and interact with TFIIA and TFIIB similarly to that of 
Tbp. Moreover, Tbp2 was able to initiate transcription in an in vitro transcription 
assay [244]. Importantly, Jallow and colleagues [280] found that Tbp2 can partially 
substitute for Tbp in vivo, as overexpression of Tbp2 rescued Tbp-depleted embryos 
and restored the expression of Tbp-dependent genes. Therefore Tbp2, unlike Tlf [171] 
seems to act similarly to Tbp. 
There are a few features in Tbp2, which make it different from Tbp. The most 
obvious one is the completely different N-terminal domain. This domain in Tbp 
seems to appear during early vertebrate evolution [278] and was found to be 
dispensable for fundamental cellular functions of Tbp [279]. On the other hand the 
fact that the expansion of the glutamine repeat in this part of Tbp leads to 
neurodegenerative diseases [281] and the complete deletion of the N-terminal domain 
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disrupts placental interaction with the maternal immune system [282], indicates 
highly specialized functions for this domain. The N-terminal domain of Tbp2 shows 
high variation in different species, with the exception of a highly conserved motif. We 
hypothesize that this motif can act as a Tbp2-specific “signaling port” or it might be 
important for protein-protein interactions with general or gene-specific transcription 
factors. 
tbp2 is expressed in the adult zebrafish gonads and during early embryogenesis. 
During gastrulation a higher amount of tbp2 transcript is present in the ventral side of 
the embryo. Accordingly, our collaborators (Ferenc Muller and colleagues) found that 
antisense morpholino knock-down of Tbp2 resulted in a hyper-dorsalized phenotype, 
indicating the requirement of Tbp2 for proper embryonic patterning [244]. This 
observation was later confirmed by Jallow and colleagues in Xenopus laevis [280].  
We found that tbp2 mRNA is preferentially expressed in the gonad of all five 
vertebrate species studied and the expression was generally stronger in the ovary than 
in the testis. The contrasting expression of the Tbp and Tbp2 was confirmed in 
zebrafish at the protein level. In the zebrafish ovary Tbp2 protein localizes to the 
germinal vesicle (nucleus) of early stage oocytes. The existence of Tbp2 complexes 
similar in size to that of the Tbp complexes (1000, 550kDa) indicates overlapping 
function of these two transcription initiation factors, while the Tbp2 complex 
identified only in the gonads (app 180kDa) might be specifically involved in the 
expression of genes in the germ cells. All this information indicates that Tbp2 might 
have a late function during oogenesis and possibly in spermatogenesis as well. In 
order to explore this possibility we have generated transgenic lines expressing Tbp or 
Tbp2 under the control of a heat-inducible promoter. By studying the changes in the 
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gene expression profile caused by the ectopic expression of either of these proteins 
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Appendix 3: Composition of hundred EST clusters containing the highest 




BLASTx 3WG 4WG 5WM TE OV 
989 zona pellucida glycoprotein 2.2 55 586 276 2156 1819 
299 zona pellucida glycoprotein 3a  32 277 204 1139 1217 
1641 latrophilin 2 28 295 185 83 364 
947 Thioredoxin  18 160 102 38 349 
71 hypothetical 18K protein - goldfish 
mitochondrion 
65 99 96 71 163 
679 claudin-like  24 104 73 4 35 
7355 Dvr1 protein  14 50 49 144 285 
828 rhamnose-binding lectin OLL  4 58 28 44 154 
995 Fish-egg lectin (FEL) 7 43 30 32 102 
884 thymosin beta 7 43 24 22 124 
1958 claudin-like protein  12 35 20 24 70 
991 novel protein  5 31 21 26 87 
1125 cytochrome c oxidase subunit II  22 20 6 119 24 
3556 alpha-2-macroglobulin-1  1 23 21 20 53 
983 ZP3  2 21 20 126 224 
725 Hypothetical protein  2 20 19 48 184 
1112 60s ribosomal protein L19  15 14 9 44 24 
4847  22 8 6 42 11 
7250 Hypothetical protein 2 25 8 17 80 
759 Hsp90b protein  7 21 7 66 17 
999 beta tubulin  3 15 16 200 105 
1374 novel protein with zona pellucida-like 
domain  
4 16 13 7 56 
6102 Tyrosine-protein kinase transforming 
protein Fgr  
6 14 11 310 241 
1382 ATP synthase F0 subunit 6  10 19 2 67 22 
3338 H1m protein  4 21 5 13 22 
5134 eukaryotic translation elongation factor 1 
alpha 1  
12 14 3 169 78 
3913 60S acidic ribosomal protein P1  14 5 10 90 10 
538 Rplp0 protein  16 7 5 236 21 
873 PREDICTED: similar to extensin 
precursor – tomato 
2 10 15 45 128 
309 ZPA domain containing protein  8 13 5 9 56 
5046 40S ribosomal protein S20  11 7 7 56 34 
1336 40S ribosomal protein S4 12 4 9 64 19 
1014 cytochrome b  12 12 1 173 43 
812 Flap structure-specific endonuclease 1  0 17 8 67 100 
7736  5 7 12 5 45 
2071 40S ribosomal protein S2  1 18 5 39 12 
 
v
1050 Ribosomal protein L27  5 11 8 59 17 
619 similar to egg envelope component ZPAX  5 10 9 5 51 
395 similar to rhamnose-binding lectin OLL 6 15 3 18 42 
4566 glyceraldehyde-3-phosphate 
dehydrogenase  
2 14 7 30 49 
2858 cathepsin S precursor  2 10 11 27 44 
967 nuclease diphosphate kinase B  11 6 6 28 12 
1251 ferritin middle subunit; ferritin M  3 9 10 7 16 
938 chorion proteic component  5 9 8 73 76 
346 60S ribosomal protein L12  5 11 6 51 39 
4738 ATP synthase delta chain, mitochondrial  2 18 1 6 4 
641 Ribosomal protein L3  8 7 6 88 26 
768 ribosomal protein L10a  5 9 6 78 20 
2845 similar to 40S ribosomal protein S28  11 2 6 9 10 
1366 40S ribosomal protein S27a  4 13 2 28 17 
900 similar to ribosomal protein S27  3 15 1 10 8 
748 Ribosomal protein L8  4 11 4 46 15 
7950 Ribosomal protein L34  4 6 8 13 4 
7870 Zgc:66347  2 12 4 7 6 
6921 double-stranded RNA-binding zinc finger 
protein JAZ  
1 17 0 2 5 
5616 40S ribosomal protein S17  2 15 1 23 3 
4880 Ribosomal protein L36  9 6 3 25 11 
4341 Similar to polyhomeotic-like 2  1 12 5 3 107 
537 laminin receptor 1  4 12 2 102 15 
1506  0 15 2 7 5 
1054 similar to H2A histone family, member Y 0 17 0 12 0 
140 Cold inducible RNA binding protein  4 12 1 25 31 
4127 Ribosomal protein P1  2 13 1 6 6 
1815 rhamnose-binding lectin WCL1  1 8 7 29 59 
610 Tumor-associated calcium signal 
transducer  
0 13 3 37 80 
200 Ribosomal protein S24, isoform 1  7 4 5 16 12 
4279 ribosomal protein L7  12 0 3 67 19 
3994 Hypothetical protein 3 7 5 9 18 
3689 ribosomal protein S7  8 4 3 46 27 
3566 zygote arrest 1  1 8 6 0 27 
1793 MID1 interacting protein 1  0 13 2 10 43 
1002 Ribosomal protein L4  3 10 2 60 10 
836 Ppia protein  8 4 3 36 20 
786 eukaryotic translation elongation factor 2  3 9 3 53 27 
98  4 9 2 38 5 
8237 ribonuclease E  0 6 8 10 5 
6190 cornifin beta  1 8 5 8 12 
 
vi
5205 ribosomal protein L30  3 5 6 31 9 
4614 ribosomal protein L37 8 3 3 10 11 
2904 similar to 40S ribosomal protein S16  7 3 4 12 6 
2788 ATP synthase, H+ transporting 3 3 8 10 22 
2250 Ribosomal protein L7a  5 5 4 50 11 
1644 Gyg protein  3 8 3 9 41 
1095 similar to Putative GTP-binding protein 
RAY-like (Rab-like protein 4)  
4 5 5 37 23 
891 ZP2  0 10 4 46 74 
887 solute carrier family 25, member 5  1 7 6 154 32 
811  0 4 10 6 48 
726 Translationally-controlled tumor protein 
(TCTP)  
5 5 4 82 20 
488 Similar to 60S ribosomal protein L18a  7 1 6 28 4 
8172 Similar to ribosomal protein L28  4 4 5 19 6 
6372 embryonic alpha globin e1  4 8 1 2 0 
4484 Ribosomal protein L13a  1 8 4 39 21 
3852 Ribosomal protein S14  4 2 7 9 16 
1567 ribosomal protein L17  11 1 1 46 19 
1364 Similar to palmitoyl-protein thioesterase 2  1 10 2 3 46 
1220 Mitochondrial ATP synthase gamma-
subunit  
2 7 4 9 18 
1094  0 13 0 2 0 
1058 ribosomal protein L35a  6 3 4 10 10 
1023 ribosomal protein L18 0 10 3 11 4 




























Appendix 4: Potentially ovary- or testis specific transcripts 
 
Panel A: Potentially ovary-specific transcripts 
GenBank ID** 
BLASTx Testis* Ovary* Kidney* 
CO350801 - -0.5 3.5 -0.7 
CO350158 GIY-YIG domain containing 2 0.0 3.5 -1.3 
CO350099 - 1.4 8.6 2.3 
CO349923 pentraxin-related  1.7 51.1 4.4 
CO350346 - 1.8 4.7 1.7 
CO350036 rhamnose-binding lectin OLL 1.8 175.5 3.5 
CO351111 - 1.9 5.0 1.9 
CO351018 thioredoxin peroxidase 2.1 10.3 3.0 
CO351574 Stonustoxin beta-subunit 2.1 7.0 3.1 
CO349868 G2/mitotic-specific cyclin B2 2.2 31.7 3.2 
CO351306 hypothetical proteins. 2.3 5.9 2.6 
CO349944 - 2.5 7.0 3.0 
CO351063 DMalpha2a 2.6 11.8 3.9 
CO349959 B-cell translocation gene 4; maternal factor B9.25 2.7 34.6 3.6 
CO350532 zona pellucida glycoprotein 2.3 2.7 187.6 5.1 
CO349939 survivin 2 2.7 21.0 3.4 
CO351289 alpha-2,3-sialyltransferase ST3Gal I 2.7 6.4 2.2 
CO350990 egg-specific protein 2.7 6.7 0.7 
CO350023 - 2.8 131.0 3.0 
CO349767 Fetal brain protein 239 2.8 154.6 4.7 
CO349746 alcohol dehydrogenase PAN2 3.2 147.9 4.8 
CO349869 cysteine proteinase 3.3 75.1 4.7 
CO349838 RNA binding protein 42Sp43 3.3 13.2 2.8 
CO351075 - 3.3 8.7 1.8 
CO351100 putative galactose-binding protein 3.5 109.8 1.2 
CO350390 integral membrane protein 2C 3.5 45.1 1.5 
CO349871 Protein disulfide isomerase related protein  3.5 36.5 3.8 
CO350034 C-type lectin 3.6 29.6 3.3 
CO350129 Cell division cycle 20 homolog 3.8 9.3 2.3 
CO351572 Zinc finger protein 147 3.8 15.1 4.1 
CO350393 hypothetical proteins 4.1 145.5 4.9 
CO350516 Rho guanine nucleotide exchange factor (GEF) 5 4.2 159.8 3.8 
CO350888 - 0.0 3.6 0.0 
CO349912 - 0.0 114.5 0.9 
CO350849 - 0.4 5.4 1.6 
CO351310 ppg3 0.5 66.6 0.4 
CO351399 rhamnose-binding lectin OLL 0.5 23.7 1.1 
CO349791 zona pellucida glycoprotein 3 0.8 142.8 2.7 
CO350723 polyhomeotic-like 2 0.9 18.2 0.0 
CO351067 DVR-1 protein precursor 0.9 11.4 1.0 
CO351499 putative tumor suppressor RASSF4 isoform C 0.9 4.4 1.7 
CO350968 Origin recognition complex subunit 1 1.1 6.0 1.5 
CO350409 - 1.1 3.5 0.0 
CO349937 exosome component 5 1.3 5.8 1.7 
CO350830 - 1.4 46.1 2.6 
CO350569 zinc finger family protein  1.4 9.1 2.6 
CO351552 - 1.5 10.8 1.6 
CO349910 zona pellucida glycoprotein 2.3 1.5 184.8 2.9 
CO351637 ribosomal protein, mitochondrial, L26 1.5 5.2 2.8 
CO349820 alpha-2-macroglobulin-3 1.5 84.2 2.2 
 
viii
GenBank ID** BLASTx Testis* Ovary* Kidney*
CO349851 rhamnose binding lectin STL3 1.6 156.9 2.5 
CO350259 mitochondrial ribosomal protein L55  1.6 5.1 2.5 
CO350347 Beta-microseminoprotein J1 1.6 12.7 2.7 
CO350401 Bat4 protein 1.6 5.0 1.8 
CO350893 telomeric repeat binding factor a 1.6 5.1 1.1 
CO351211 KAT protein 1.6 4.1 1.3 
CO350015 rhamnose binding lectin STL2 1.7 25.2 2.6 
CO350972 hypothetical proteins 1.7 15.2 1.6 
CO350986 hypothetical proteins 1.7 64.1 1.2 
CO350093 - 1.8 4.2 2.5 
CO351401 c-Mos 1.8 38.6 1.4 
CO351149 solute carrier family 35 member F2 1.9 5.7 1.0 
CO351109 MAP1 light chain 3-like protein 2 1.9 13.9 1.4 
CO351391 homolog of yeast MAF1 1.9 11.7 1.6 
CO350238 hypothetical proteins 2.0 8.3 2.6 
CO349798 Transmembrane 4 superfamily member 13 2.0 5.3 2.7 
CO349799 oocyte transcription factor IIIA  2.0 28.4 2.8 
CO350582 Exosome complex exonuclease RRP46  2.0 9.1 2.9 
CO351119 similar to ubiquitin-conjugating enzyme E2R 2  2.1 6.0 1.5 
CO351221 U1 small nuclear ribonucleoprotein A 2.1 10.6 2.7 
CO351089 ZPC3 2.1 12.5 1.2 
CO350841  mitochondrial ribosomal protein L10 2.1 4.6 1.9 
CO351370 hypothetical proteins 2.1 6.6 2.0 
CO350316 kinase domain protein  2.2 5.9 2.3 
CO351115 A-kinase anchoring protein 2.2 4.8 2.2 
CO351417 Glutaryl-CoA dehydrogenase, mitochondrial 2.3 3.6 2.3 
CO349824 fused toes homolog 2.3 10.0 2.5 
CO350613 hypotetical proteins 2.4 56.8 0.0 
CO351130 neuronal guanine nucleotide exchange factor 2.6 6.6 1.8 
CO350917 C-type lectin 2.6 106.3 1.8 
CO351400 similar to dopamine receptor interacting protein 2.6 3.4 1.4 
CO351565 hypotetical proteins 2.6 9.2 2.6 
CO351530 hypotetical proteins 2.6 8.6 2.8 
CO350381 claudin g 2.7 116.9 2.2 
CO350186 rhamnose-binding lectin OLL  2.7 117.1 3.0 
CO350971 Claudin-like protein 2.7 108.3 1.4 
CO349744 beta-microseminoprotein 2.7 5.9 2.0 
CO351589 Cytochrome P450 11A1 2.8 10.8 1.1 
CO351213 TRAF interacting protein 2.8 5.7 1.3 
CO350538  Golgi coiled coil protein 1 2.8 9.0 2.6 
CO350498 ZPA domain containing protein 2.8 47.4 2.6 
CO351118 hypotetical proteins 2.9 6.3 1.2 
CO351352 Sjogren's syndrome nuclear autoantigen 1 2.9 8.5 0.9 
CO351624 ras-like protein 2.9 6.0 2.4 
CO351631 - 2.9 3.6 2.6 
CO350303 rhamnose-binding lectin OLL  3.0 162.8 2.4 










Panel B: Potentially testis-specific transcripts 
UniClone ID** BLASTx Testis* Ovary* Kidney* 
CO353549 aspartoacylase-3 6.4 2.3 -0.8 
CO354238 hypothetical proteins 3.5 1.2 0.4 
CO354233 - 6.9 2.2 1.0 
CO354116 piwi protein 17.9 5.0 1.1 
CO352820 - 6.9 2.6 1.1 
CO355140 similar to vertebrate pim oncogene family 3.6 0.9 1.3 
CO354906 Synaptonemal complex protein 3 6.3 2.2 1.4 
CO353933 - 6.7 2.7 1.5 
CO354274 kinesin family member 9 5.6 -1.1 1.5 
CO352964 novel HSFlike protein 5.5 1.7 1.6 
CO354262 DMRT1 7.9 2.7 1.8 
CO354059 - 11.2 2.2 1.8 
CO353922 hypothetical proteins 5.6 1.7 1.9 
CO354735 hypothetical proteins 9.3 0.5 1.9 
CO353145 oxysterol-binding protein  14.7 4.2 2.0 
CO354219 - 11.9 3.5 2.0 
CO353467 L-asparaginase  10.3 2.9 2.0 
CO355324 hypothetical proteins 8.2 1.1 2.2 
CO352753 ubiquitin specific protease 2  9.7 3.1 2.3 
CO353325 tektin 1 9.3 2.1 2.4 
CO354032 RAD9 homolog 9.4 3.5 2.4 
CO355686 hypothetical proteins 14.6 3.7 2.5 
CO354773 spermatogenesis related gene  12.5 4.2 2.5 
CO354241 serine-threonine protein kinase pim-2 10.2 4.6 2.5 
CO354412 hypothetical proteins 7.8 3.4 2.6 
CO354156 - 9.2 3.8 2.7 
CO352627 Membrane-associated RING finger protein 4 6.4 1.9 2.7 
CO353810 hypothetical proteins 13.7 3.9 2.8 
CO353055 - 45.3 4.3 2.8 
CO354698 phosphatase and actin regulator 1 9.8 4.3 2.9 
CO356133 hypothetical proteins 14.4 4.9 3.0 
CO353149 hypothetical proteins 8.7 0.0 3.0 
CO353684 - 10.4 4.5 3.2 
CO352835 hypothetical proteins 12.4 3.1 3.3 
CO353079 - 10.8 3.4 3.7 
CO352954 hypothetical proteins 20.1 4.8 4.0 
CO353953 nasopharyngeal epithelium specific protein 1 12.4 4.6 4.5 
CO353547 peanut-like 2 39.3 0.8 -0.7 
CO353147 pol polyprotein (retrovirus) 17.8 -0.7 -0.3 
CO354637 hypothetical proteins 3.7 0.4 0.1 
CO355563 Rac GTPase activating protein 1 3.6 2.2 0.6 
CO355928 hypothetical proteins 7.3 0.5 0.7 
CO355344 - 40.8 2.3 0.8 
CO353891 heat shock protein 40 3.2 1.5 0.9 
CO353005 - 51.7 1.5 0.9 
CO355763 RAB36, member RAS oncogene family 7.8 0.0 0.9 
CO355763 - 3.7 2.2 0.9 
CO355078 - 28.6 2.2 0.9 
CO354991 - 17.5 1.9 1.0 
CO354608 dynein heavy chain 7.0 1.1 1.3 
 
x
GenBank ID** BLASTx Testis* Ovary* Kidney*
CO355276 - 18.9 0.0 1.4 
CO355080 hypothetical proteins 5.2 2.5 1.4 
CO355999 - 45.0 1.5 1.4 
CO354576 - 6.1 2.4 1.4 
CO355124 hypothetical proteins 3.6 1.2 1.4 
CO356011 solute carrier family 34  5.5 2.0 1.5 
CO355228 synaptonemal complex protein 1 10.8 1.5 1.5 
CO354711 - 11.1 1.8 1.6 
CO354376 hypothetical proteins 5.1 1.1 1.6 
CO355627 dynein heavy chain 7.9 2.1 1.7 
CO354839 - 9.6 2.5 1.8 
CO354770 hypothetical proteins 8.9 2.6 1.8 
CO354325 similar to cell surface proteins 7.6 2.6 2.0 
CO355710 - 5.1 2.7 2.0 
CO355597 - 44.0 2.0 2.1 
CO352798 tektin 1 17.1 2.4 2.2 
CO355723 Histone H1 26.2 2.3 2.3 
CO354299 - 11.0 2.5 2.4 
CO354201 hypothetical proteins 5.2 2.5 2.5 
CO353065 - 6.4 2.6 2.6 
CO354405 Testis-specific A-kinase-anchoring-protein 3.9 2.2 2.6 
CO353754 alpha tubulin 10.8 1.7 3.0 
 
* The last three columns indicate expression levels as the relative signal intensity on macroarray 
hybridized with probes from adult testis, ovary and kidney, respectively. 
** The GenBank ID labels the 5’ sequence of the clone spotted onto the macroarray, but the for the 































Appendix 5A: Detailed expression profile for genes upregulated in the 














Appendix 5D: Detailed expression profile for genes down regulated in the 
male gonad during gonad differentiation
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Appendix 5E: Detailed expression profile for genes upregulated in the male 
gonad from 4wpf




Appendix 5G: Detailed expression profile for genes downregulated in the 




Conserved residues, which are different between  Tbp and Tbp2 are indicated 
with red arrows.
tr: Takifugu rubripes; dr: Danio rerio; xl: Xenopus laevis; gg: Gallus gallus; 
mm: Mus musculus; hs: Homo sapiens.
Appendix 6: Amino acid sequence comparison of the core domains of the T 
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